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ABSTRACT 
The feasibility of using the least-square solution method to resolve three-person 
mixtures of short tandem repeat deoxyribonucleic acid {STR DNA) was explored in this 
work. Such three-person mixtures can occur in gang rapes and other violent crimes and 
there is currently no suitable method for resolving these mixtures. The method evaluated 
in this work was named LSD-3. Simulations were conducted using the MATLAB 
software package to evaluate the sensitivity of correct resolution to signal perturbations 
as a function of the relative mass ratios of the mixture contributors. Three enhancements 
to the LSD-3 method were investigated; locus concatenation, reference profile 
incorporation, and manual analysis of allele peak area data guided by LSD-3 
mathematical results. It was found that while locus concatenation did not increase the 
ability of LSD-3 to correctly resolve three-person mixtures, the other two enhancements 
did. The final LSD-3 method is capable of resolving, on average, seven or eight of the 
thirteen loci in STR DNA mixtures under most conditions. 
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1.1. Summary of the Findings of This Work 
The least-square deconvolution method (LSD-2) has been shown to resolve two­
people mixtures with a high degree of success (4]. Due to the much-increased 
complexity of a three-person mixture sample, it is not expected that basic LSD 
methodology will meet with equal success. Several enhancements to basic LSD are 
possible. It is curious to see which of the enhancement measures is most applicable in 
resolving the mixture. Research results reported here show that by bringing in a 
reference profile as a known profile and through reliance of preservation of relative DNA 
mass portions of the three contributors across loci, a confident resolution at seven or eight 
loci out of thirteen loci on average is possible. This confident resolution is contingent 
upon the conditions that no severe DNA degradation has occurred, nor heterozygous 
alleles suffered too high a degree of unequal amplification during polymerase-chain­
reaction amplification process. 
1.2. Human Identification through DNA 
Deoxyribonucleic acid (DNA) has emerged to be among the primary forensic 
tools used to differentiate humans from one another. The DNA present in the 100 trillion 
cells in a human body are identical in sequence to one another, yet usually are very 
1 
different from that of any other person's DNA in certain regions of the molecules [1]. It 
is this fact that allows for differentiation between two individuals. 
1.2.1. Overview of Alleles and Loci 
A single chromosome of human DNA is composed of roughly four billion bases 
of adenine, cytosine, guanine, and thymine arranged in an ordered sequence [ 1]. Within a 
certain regions of interest at each chromosome, called loci, short regions containing 
repeated patterns of four-bases (i.e. tetranucleotide repeat units) are found and the 
different repeat patterns are ref erred to as alleles. These regions are referred to as short 
tandem repeat, or STR regions. Alleles are composed of tetranucleotide repeat units that 
are repeated different numbers of times in different individuals. The name of a particular 
allele arises from the number of repeats of the respective tetra-nucleotide repeat unit, e.g. 
an allele with twelve repeat units is referred to as allele twelve. With the exception of 
several minor populations, humans have two alleles at each locus, one inherited from 
their maternal and one from their paternal side. These two alleles can be the same or 
different, referred t o  a s  being homozygous o r  h eterozygous respectively. T he F ederal 
Bureau of Investigation has identified and required the use of thirteen particular loci 
known as the CODIS core loci for human identification through DNA typing and 
matching. Identification based on these loci is permissible in all state and federal courts, 
as established by enacted laws in all state and federal governments. 
A mixture of three peoples' DNA would contain three sets of DNA, which may or 
may not contain common alleles at each STR locus of the thirteen core loci among the 
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multiple contributors. Because each cell contains one unit of an individual's DNA, the 
amount of a person's DNA in the mixture would theoretically be proportional to the 
number of cells that a person contributes to the mixture. If this proportionality were 
observed exactly, it should be possible in many situations to determine the genotype of 
each contributor to the mixture by a nalyzing the relative allele peak area ratio at each 
locus. Even when an exact proportion is not preserved, the relative DNA mass ratio in 
the mixture usually does not drift too far from that in the original mixture before DNA 
amplification. It is this fact that a least-square deconvolution method of resolving 
mixture DNA relies upon for its theoretical basis. 
1.2.2. Preparation of DNA and Analysis of Short Tandem Repeat DNA 
DNA samples collected as evidence usually have mass on the order of nano grams, 
which is too little to be analyzed extensively. A process called polymerase chain reaction 
or PCR is used to increase the number of copies of STR DNA such that subsequent 
analysis can be carried out [l]. In PCR, restriction enzymes are used to first cleave intact 
DNA at specific sites, dividing it into multiple pieces. Certain regions of interest are then 
amplified about 230 times by the use of suitable DNA primers under controlled 
conditions. Fluorescent dye labeled DNA primers are added to the PCR mixture, which 
seeks out and binds to complementary target DNA sequences at the alleles of interest. 
Amplified DNA sequences are separated from each other using gel or capillary 
electrophoresis;. the fragments correspond to alleles of interest at the various loci, and are 
identified by their characteristic time of migration in the electrophoresis tube, by their 
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sequence length, measured in base pairs, and by the color of their primer dye. PCR 
preserves to a large extent, the relative mass ratios of the various sourc,es of DNA present 
in the original mixture. Once a mixture of DNA has been analyzed in such a manner, the 
output is a list of the combined alleles detected and identified at each locus, as well as the 
height or area of each peak. The combined information is what gives rise to the difficulty 
of resolving the mixture into its component contributor profiles. There is no obvious and 
direct way to decide which person contributed a particular allele or alleles at each locus 
especially when shared alleles are present. 
1.3. Motivation of the Research Undertaken 
Being able to resolve a DNA mixture into component genotypes would yield the 
identification of potential perpetrators of a crime, such as rape or murder, from which 
cases mixture DNA samples are often found. Three-person mixtures of short tandem 
repeat (STR) DNA occur primarily in gang rapes but may also originate from murders 
and other crimes. Methods for resolving two-people mixtures have been presented in the 
literature and one of which; the least square deconvolution method has been undertaken 
by the Laboratory for Information Technologies here at the University of Tennessee 
Knoxville [ 4]. The present work attempts to extend LSD to three-person mixtures. 
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1.4. Need for an Analytical Approach for resolving 3-Person Mixtures of 
STR/DNA 
Currently inclusion/exclusion is the most commonly used method used when 
' :-
examining a suspect's DNA profile against a mixture profile. However, 
inclusion/exclusion is not very discriminating because inclusion/exclusion only concludes 
as to whether a suspect's DNA can/cannot be excluded from being considered as a 
contributor to the mixture. Arty person whose DNA can be considered as a contributor to 
the mixture and not alter the alleles present, cannot be excluded, and therefore could be 
identified as a potential suspect. This lack of discrimination does not readily lead to the 
resolution of the crime. 
DNA analysts with DNA profile interpretation experience have started to use 
peak area data to help to resolve two-person mixtures, with some degree of success [ 4]. 
The key to resolving two-people mixtures using allele peak area data are the observation 
that relative allele area is proportional to the corresponding relative DNA mass present in 
the mixture. Thus, a least-square fit of possible genotype profiles to the observed relative 
peak heights/areas would yield the genotype combinations that would best fit the 
observed data. However, this may not be practical for a three-person mixture. In a three­
person m ixture, t he a bundance of  p ossible genotype combinations makes r esolution a t  
best difficult and at worst impossible. Even if a nominal resolution is possible by 
reviewing allele peak area/height data, the resolution is uncertain and therefore 
vulnerable in court when presented as evidence. 
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1.5. Statement of Research Work 
Since the method of Least Square Deconvolution [4] has been successful in 
resolving 2-person mixtures (LSD-2), it is natural to contemplate if a straightforward 
extension of LSD-2 to three-people mixtures would be equally effective. This thesis 
documents the result of a study in attempting to resolve three person mixtures of 
STR/DNA (hereafter referred to as Least Square Deconvolution-3 or LSD-3), based on 
the Least Square Deconvolution for resolving 2-person mixtures (LSD-2) [ 4], along with 
various modifications to make LSD-3 more effective. Difficulties associated with 
extension of LSD-2 to accommodate three people will be analyzed and understood. 
Modifications made to circumvent these difficulties will be explored and 
recommendations will be presented. 
In Chapter 2, a review of pertinent work from literature is presented. Chapter 3 
lays out the formulation of the research problem and its solution approach. It also 
describes the experiments conducted to gain understanding into the resolution problem. 
In Chapter 4, the results of these experiments are presented and discussed. Various 
modification schemes to basic LSD-3 method are discussed and results presented and 
analyzed with respect to its relative effectiveness. Finally, in Chapter 5, conclusion is 




Two methods have been reported in the literature for resolving STR/DNA 
mixtures: LSD-2, developed in our laboratory [ 4] and Linear Mixture Analysis {LMA) 
[2]. Both of these methods are demonstrably more analytical than the inclusion/exclusion 
approach at resolving two-person mixtures of STR/DNA. Both methods use quantitative 
allele peak area/height data to fit for relative DNA masses in the mixture. In addition to 
these reported methods, some crime labs throughout the country have developed methods 
for internal use that attempt to resolve mixture DNA. These methods typically take 
advantage of the quantitative nature of allele peak area data as well. 
2.1. Least Square Deconvolution (LSD-2) 
LSD-2 is a method reported by Xue and Wang [4] that uses the least square fit of 
all possible genotype combinations to allele peak area data to resolve a mixture of two 
persons' STR/DNA. LSD-2 has the benefit of yielding the correct resolution under most 
circumstances b ecause i t  p rocesses o ne 1 ocus at a t ime i ndependently from o ther 1 oci; 
thus allowing a separate best genotype fit for each individual locus. 
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2.1.1. Proper use of LSD-2 
LSD-2 is only applicable when several conditions are satisfied. Most importantly,
LSD-2 is only intended for mixtures of two persons' DNA. In addition, the relative mass
ratios of the two mixture contributors must not be close to one-to-one or exceed about
one-to-twenty.
2.1.2. Review of the Method of LSD-2 in Resolving Two-Person Mixtures 
The method employed by L SD-2 to resolve two-person mixtures is most easily
understood through a numerical example. Suppose that a rape has occurred and a
forensic sample has been retrieved. This sample would be a mixture of male semen cells
and female epithelial cells. For clarity, let us suppose that there are one hundred copies
of the female's DNA and three hundred copies of the male's DNA present in this forensic
sample. This implies that the true mass contribution at this locus is given by
[100]x,,_ = 300 
Let us for the moment only consider a single locus of the thirteen CODIS core loci, in
which thirteen alleles are present. At this locus, suppose that the female is homozygous,
having two copies of allele twelve, and the male is heterozygous, having alleles fourteen
and sixteen. The gene matrix that represents this genotype combination is
8
Furthermore, suppose that during PCR amplification the signal perturbation experienced 
is given by 
perlurbation = [} 2].
The resulting allele peak area data detected at this locus is given by Table 2.1. The allele 
peak area data in Table 2.1 is the sum of the columns of the true genotype combination 
matrix, Ab'ue, weighted by the elements of the true mass contribution vector and the signal 
perturbation experienced during PCR. This relationship is given by 
b = At,w * xt,w + perturbation = [� �] • [ �:] + [ : ] = [:�:i .
0 1 -2 298 
At this point, enough assumptions have been made to fully describe the locus. 
What follows is the LSD-2 resolution of the locus. The first step in the LSD-2 method is 
to normalize the allele peak area data such that the smallest element of the allele peak 
area vector is one. This normalized allele peak area vector is given by 
206 
206 [1.000]b normalized = b 309 = 1.500 = min(b) 206 
298 1.447 
206 
The next step is to obtain a complete list of all the possible genotype combinations with 
the same number of alleles as the locus to be fitted. This list is 
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Table 2.1: Hypothetical allele peak area data detected at a single locus in a two­
person STR/DNA mixture 





[: :]. [: I]· [l ll· [: I]· [: :]. [I :]-
The remaining steps are performed for each genotype combination in this list of possible 
genotype combinations. This numerical example will continue using the first genotype 
combination in this list. 
Next, the psuedoinverse, denoted by A
+
, of each of these genotype combinations
is used to find the best-fit relative mass ratio vector that minimizes the sum of squares 
difference between the predicted ( or fitted) allele peak area data and the observed allele 
peak area data. This least-square relative mass ratio vector, Xts, is given by 
-A+ *b X ls - normalized • 
In the case of the first genotype combination, this least-square x would be calculated by 
[
1.000
] X1s = A
+ 
* bnormalized = [
0.5 0 0 ] 
* 1.500 = [
0.500]. 
0 0.5 0.5 1.473 
1.447 
With the least-square relative mass ratio vector known, the predicted allele peak area 
vector, or br,rc<1icted, can be calculated. Since the least-square x is the mass ratio that 
produces the smallest fitting error, one has only to weigh the columns of the genotype 
combination being fitted by the elements of the least-square x vector to calculate the 
predicted allele peak area data. This predicted allele peak area data, or bpre<1icted, is given 
by 
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0 1 1.473 
With the predicted allele peak area vector available, the error vector can now be 
calculated. This error vector is the difference between the observed allele peak area data 







] error= bnormalized -bpredicted = 1.500 - 1.473 = 0.027 . 
1.447 1.473 0.027 
For purposes of comparing the goodness of fit of different genotype combinations, the 
length of this error vector is calculated. This length is calculated using the n-dimensional 
distance formula, which is the square root of the sum of squares. This n-dimensional 
distance is also the two-norm of the error vector. This length is computed according to 
alkla 
e = lle"orll = �e"o'i
2 
= �(0.0002 + 0.0272 + 0.0272} = 0.038. 
1-1 
The final step in the mathematical analysis of this genotype combination is to calculate 
the normalized relative mass ratio vector. Because the relative mass ratio vector is to be 
reported such that the smallest element is one, this is accomplished by dividing each 
element of Xts by the smallest element of Xts· The normalized relative mass ratio vector 
for this example is given by 
[
0.500





) 1.473 [ 2.947] 
0.500 
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To summarize this simulated example up to this point, the unperturbed allele peak 
area data was produced by a relative mass ratio vector of one to three acting on the true 
genotype combination. After some signal perturbation was added to this unperturbed 
signal, an observed normalized allele peak area vector of [1.000 1.500 1.447]' was 
produced. LSD-2 was used to fit each of the possible genotype combinations to this 
observed allele peak area data. In the case of the genotype combination that best fit the 
observed allele peak area data, this least-square relative mass ratio vector after 
normalization was one to 2.947 compared to the true ratio of one to three. The fitting 
error associated with the fitting of this genotype combination to the observed allele peak 
area data are 0.038. 
The same process is repeated for the other possible genotype combinations and 
the results appear in Figure 2.1. The mathematical results in Figure 2.1 are arranged by 
row in order of increasing error ratio. This ratio is formed by dividing the fitting error for 
each genotype combination by the smallest fitting error obtained of all genotype 
combination cases fitted. The error ratios in Figure 2.1 imply that the first genotype 
combination fits the observed allele peak area data over eight times better than does the 
second genotype combination. 
Although each locus is p rocessed individually in L SD-2, the final r esolution at 
each locus cannot be made without considering the mathematical results at all loci 
simultaneously. This simultaneous consideration is done in order to ensure that all the 
least-square relative mass ratio vectors selected at each of the thirteen loci are consistent 
across all the loci in the mixture. For instance, if the least-square relative mass ratio 
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genotype best-fit fitting error 

























Figure 2.1: LSD-2 mathematical results at a single three-allele locus that is easily 
resolvable by LSD-2 
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vectors at twelve of the loci were close to one to three, a resolution genotype with a least­
square relative mass ratio vectQr of one to sixteen at the thirteenth locus would probably 
not be considered as correct regardless of the error ratios present in the LSD-2 results at 
that thirteenth locus. 
The results presented in Figure 2.1 represent a high-confidence resolution locus, 
one that is easily resolved by LSD-2. There are scenarios that result in a locus that is 
difficult or impossible to be resolved by LSD-2 with high confidence. Conditions that 
gives rise to such difficult loci include relative mass ratios close to one to one, high levels 
of heterozygous peak imbalance, and loci in which the number of alleles present is less 
than or equal to the number of contributors in the mixture. In the case of two-person 
mixtures, one and two-allele loci are underdetermined. The resolution of one-allele loci 
is trivial; each contributor is homozygous in the allele present. 
A second numerical example that is difficult or impossible to resolve with LSD-2 is 
offered in Figure 2.2 in which the two DNA masses in the mixture are close to each 
other. The clean allele peak area data for this example is generated with the same true 
genotype combination used in Figure 2.1, a true relative mass ratio vector of [1.0 1.1], 
and up to fifteen percent heterozygous peak imbalance. The unperturbed allele peak area 
data for this locus is [2.0 1.1 1.1]. After up to fifteen percent heterozygous peak 
imbalance has been added to the unperturbed signal, the perturbed signal is [ 1.974 0.941 
1.206]. The LSD-2 results of the analysis of this perturbed signal are shown in Figure 
2.2. Unlike the results in Figure 2.1, the results in Figure 2.2 do not exhibit well­
separated error ratios. This lack of separation makes a confident resolution impossible. 
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genotype best-fit fitting error 













Figure 2.2: LSD-2 mathematical results at a single three-allele locus that is not 
easily resolvable by LSD-2 
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In this particular case, the correct genotype combination ranked second. A genotype 
combination different from the true genotype combination fits the observed allele peak 
area data almost twice as well as did the true genotype combination. When the DNA 
masses in the mixture are comparable, LSD-2 may rank an incorrect genotype 
combination above the true genotype combination, rendering it impractical in resolving 
mixtures. 
To start off, the same basic scheme used in LSD-2 is proposed for LSD-3. 
Confident resolution of three-person mixtures would be more difficult to obtain than are 
confident resolutions of two-person mixtures. For each locus of a three-person mixture, 
there are many more genotype combinations possible than in a two-person mixture. This 
increase in genotype combinations leads to error ratios that are less frequently well 
separated than those in two-person mixtures. This phenomenon will be discussed further 
in Section 3.2. 
2.2. Linear Mixture Analysis (LMA) 
LMA is a resolution method reported by Dr. Mark Perlin [2] that 
concatenates all loci in a mixture and searches for the mass ratio that minimizes fitting 
error between the predicted and actual allele peak area data. LMA requires little human 
interpretation, however it does require that every locus in a mixture assume the same 
relative mass ratio, which is not always a reasonable assumption. Research conducted by 
Wang on LSD-2 [ 4] has shown that this requirement can produce incorrect results at 
times. LMA claims to be able to resolve mixtures with N (N>2) people, but only if (N-1) 
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people's genotypes are known, a priori. This requirement is extremely limiting and 
impractical in that the DNA profiles of victim and all but one of the perpetrators would 
need to be identified before the remaining person's DNA in a mixture can be resolved by 
LMA. LMA is not considered by the author to be a practical application for resolving 
mixtures of more than two people. 
2.3. Non-Published Methods 
Other than these two reported methods, various crime labs around the country use 
in-house methodologies developed by DNA analysts experienced in resolving mixture 
DNA. Some are more conservative than others; but most tend to use the relative peak 
heights as the basis for resolution. 
2.4. Probability study of Allele Distribution/Locus in Mixture DNA 
A probability study was conducted by Gilbert, Lucas, Pendleton, and Wang [3] 
that investigated among other things the expected number of loci that posses a given 
number of alleles in a thirteen locus mixture. A finding relevant to this research appears 
in Table 2.2, which shows that the majority of loci in a three-person mixture will have 
three, four, or fives alleles (a total of 11.6 loci out of 13 loci). Knowledge of the 
expected composition of a mixture of three unrelated persons' DNA is useful when 
designing a method for resolving such mixtures. This result seems to indicate that loci 
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Table 2.2: Expected number of loci that contain the indicated number of 
alleles/locus in a thirteen locus STR/DNA mixture with three contributors 
Alleles per locus Expected number of loci 
1 0.1 ± 0.2 
2 1.1 ± 1.0 
3 4.4 ± 1.6 
4 5.1 ± 1.7 
5 2.1 ± 1.3 
6 0.3 ± 0.5 
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with three, four, and five alleles should be the focus of any such method as they represent 
the majority of all thirteen loci in a three-person mixture or STR/DNA. 
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CHAPTER3 
PROBLEM FORMULATION AND SOLUTION APPROACH 
This chapter presents the formulation of the three-person STR DNA mixture 
resolution problem, and d escribes the experiments proposed to solve this problem. I n 
Section 3.1, the formulation used for LSD-2 will be briefly reviewed first. Section 3.2 
will present the difficulties expected with LSD-3 based on knowledge of the workings of 
LSD-2. Section 3.3 will explain the manner in which a single locus in a three-person 
mixture is to be expressed as a three-column gene matrix, and the characteristics of all the 
resulting gene matrices. Section 3.4 will present a method for evaluating the sensitivity 
of correct resolution to heterozygous peak imbalance as a function of the relative mass 
ratios for the three DNA genotypes in the mixture. Section 3.5 will present an 
enhancement to basic LSD-3 by concatenating two gene matrices from two different loci. 
Section 3.6 will discuss a method for evaluating the increase in the confidence of 
resolution if the DNA genotype of one of the mixture contributors is known. Section 3. 7 
will describe a graphical method for aiding the identification of the correct resolution at 
all loci from the mathematical results of LSD-3, with one assumed known reference 
genotype, based on both error ratio and the consistency of relative mass ratio vectors 
observed at different loci in the mixtµre. 
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3.1. Simple Extension of LSD-2 to Accommodate Three-Person Mixtures 
An initial approach to solve the three-person mixture problem is simply by 
extending LSD-2 to accommodate three peoples' DNA genotypes. Formulation of the 
three-person mixture problem is similar to the formulation used in LSD-2. Allele peak 
area data of the mixture will be represented as a column vector and the genotype 
combinations of the three contributors at a locus will be expressed as a three-column 
matrix, with as many rows as the number of alleles present at that locus. Representation 
of the genotypes at a locus as a gene matrix will be discussed in detail in Section 3.3. 
Each of these gene matrices will then be fitted with the best-fit DNA mass coefficients to 
the vector of allele peak area data using the least squares method. The error between the 
fitted allele peak area data and the observed allele peak area data will serve as the basis 
for one of two metrics used to evaluate the goodness of the fit, and thus the likelihood of 
that gene matrix representing the correct genotype combination resolution at that locus. 
3.2. Expected Difficulties 
A number of obstacles are expected to be encountered in LSD-3 that were also 
encountered in LSD-2. Resolution by LSD is more confident when there is little or no 
imbalance between the two heterozygous peaks of each contributor, the relative mass 
ratios are not all close to one, and each locus in the mixture has more alleles than the 
number of people contributing to the mixture. However, these non-idealities when also 
present in a three-person mixture of STR/DNA exacerbate the problem, and severely 
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compromise one's ability to resolve the mixture, and renders simple extension of LSD-2 
to LSD-3 impractical. 
3.2.1. Impact of Heterozygous Peak Imbalance on Resolution 
Before the following discussion is presented, a distinction must be made between 
two different mixtures. Any mixture that has not been processed by PCR or any other 
laboratory amplification procedure will be referred to as a forensic mixture. Any mixture 
that has been amplified and is ready for capillary or gel electrophoresis will be referred to 
as an analytical mixture. This distinction is necessary because the true mass ratio present 
in the original forensic mixture will almost certainly not be preserved exactly in the 
analytical mixture or analytical sample after amplification. 
One o ft he m athematical a ssumptions m ade i n  LSD i s t hat h eterozygous a llele 
DNA for each contributor is present in equal amounts to each other after PCR. If a 
mixture contributor has two alleles at a particular locus, there are theoretically as many 
copies of one allele in the forensic sample as there are copies of the other allele. 
Furthermore, validity of LSD is based on the assumption that the relative allele peak area 
is proportional to the relative DNA mass exhibited by the alleles at a locus. 
However, ideal PCR amplification does not exist and some heterozygous allele 
peak imbalance is always introduced by any PCR procedure, which usually go through 
some thirty rounds of thermal cycling. To further complicate matters, any degradation 
experienced by a forensic sample preceding PCR amplification will introduce severe 
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imbalance into the relative allele peak area/height data after PCR, involving the degraded 
alleles. 
When peak imbalance is present, the magnitude of the error vector used to rank 
genotype combinations after LSD-3 fitting is expected also to increase. If this sister-to­
sister allele peak imbalance becomes significant, an incorrect genotype combination may 
produce less fitting-error than the true genotype combination; thereby ranking higher in 
LSD results than the true genotype combination. This phenomenon is illustrated in 
Figure 3.1 with a contrived set of allele peak area data. The example in Figure 3.1 is 
limited to two people's DNA in order to simplify interpretation. A three-person mixture 
behaves in an analogous manner; however, interpretation is more difficult. 
In Figure 3. l .a there is no peak imbalance, and the resolution that produces the 
minimal error assigns alleles one and two to one person and alleles three and four to a 
second person. However, in Figure 3.1.b, imbalance exists among the heterozygous 
alleles of each person such that the peak corresponding to allele two is higher than the 
peak corresponding to allele three. In this case, the resolution that produces the minimal 
fitting error would assign alleles one and three to one person and alleles two and four to 
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Figure 3.1: Effect of peak imbalance on resolution success a) without peak 
imbalance b) with peak imbalance 
25 
3.2.2. Variation of Relative Mass Ratios among Loci 
Ideally, the relative mass ratios of all three contributors should remain the same 
at all loci in a mixture so that it would be clear to assign the correct respective alleles 
from each locus to each of the three persons. Each cell has a DNA that in turn contains 
two alleles at each of the thirteen CODIS core loci. During PCR amplification, all the 
heterozygous allele DNA at all loci in the forensic sample ideally should be amplified to 
the same degree at all loci, resulting in the same relative ratio of STR/DNA being present 
among the three contributors. However, PCR is more efficient for smaller alleles than for 
larger alleles, and because allele size varies among the thirteen CODIS core loci, the 
alleles at some loci will be amplified more than some other alleles at other loci. 
Moreover, a t  a n  i ndividual 1 ocus t he s mailer a lleles w ill b e  a mplified more e fficiently 
than the larger alleles resulting in a skewing of their proportion from the forensic sample 
to the analytical sample. This causes one similar relative mass ratio in the forensic 
sample to become thirteen somewhat different relative mass ratios at the thirteen loci in 
the analytical sample. If the relative mass ratios for the three contributors DNA in the 
original mixture are close, then after PCR, the relative mass ratios may become reversed 
at some loci, leading to the wrong-resolution for those loci. 
Although LSD-3 analyzes only one locus at a time and as such would not notice a 
disparity in the mass ratios at different loci, a human ultimately has to select one 
resolution at each of the thirteen loci in a mixture and combine them all into one overall 
composite genotype resolution based on results at the thirteen loci. If the relative mass 
ratios for all the thirteen correct resolutions are comparable, DNA analysts would have 
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high confidence in selecting these resolutions. However, if the relative mass ratios that 
accompany each of the thirteen true resolutions are different from one another or whose 
relative amounts have been reversed, the analyst may become confused in the selection of 
the true resolutions. Therefore, it is not during LSD-3 that variation in relative mass 
ratios causes difficulties but rather in the post-LSD-processing stage when a human must 
make decisions as to which resolution at each of the thirteen loci is the correct one with 
relative mass ratios consistent with those at other loci. 
3.2.3. Inherent Mathematical Problems with 2 and 3-Allele Loci 
In a three-person mixture, two-allele loci result in a gene matrix that is 
underdetermined (i.e. with fewer rows than columns) and a least-square solution would 
yield an infinite number of solutions all of which would fit the allele peak area data 
equally well. Three-allele loci lead to a gene matrix that is square and either full rank or 
rank deficient and would result in either a unique and exact solution, which is not 
necessarily the true genotype resolution, or infinite solutions all with equal fit. For this 
reason, it is unlikely that LSD-3 is applicable for two and three-allele loci. 
3.3. Representation of Genotypes of Three Persons' DNA by Gene Matrices 
At a single locus of a mixture, for one to six �lleles at a locus, there are a total of 
one hundred forty n ine genotype combinations p ossible in a mixture of three peoples' 
STR/DNA. These genotype combinations are most easily classified according to the 
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number of alleles that they contain. As in LSD-2, these genotype combinations are to be 
represented as three-column matrices in which each column represents the genotype of an 
individual contributor in the mixture, and each row represents a distinct allele of a locus, 
with as many rows as there are alleles present at a locus. Section 3.3.1 presents a 
discussion of how three peoples' genotype combinations at a locus are represented as a 
gene matrix. Section 3.3.2 discusses characteristics of the six-allele gene matrices. 
Section 3.3.3 discusses the five-allele gene matrices and their allele-sharing arrangement 
possibilities. Section 3.3.4 discusses the four-allele gene matrices and their overlapping 
column spaces among some matrices in the set, and the implication of overlapping 
column spaces. Section 3.3.5 and 3.3.6 discuss the three-allele and two-allele gene 
matrices respectively, and their column spaces and the mathematical limitations imposed 
by the fact that the gene matrices have the number of rows equal to or less than the 
number of columns, which is three in this case. 
3.3.1. Representation of Three-Person Mixtures by Gene Matrices 
A gene matrix is formulated for a locus containing a particular number of alleles. 
At each locus, the entries of the gene matrix are zero, one, or two, indicating the number 
of copies of an allele of each type that a person possesses. Each column of a gene matrix 
represents one contributor's genotype at that given locus. Each human, with the 
exception of a very small tribe of Native Americans and other minor populations, has two 
alleles present a t  each locus, one from each parent. A gene matrix coefficient of two 
indicates that a contributor has two copies of the same allele, one from each parent, in 
28 
which case the individual is referred to as homozygous at that locus. Otherwise, an 
individual is heterozygous, possessing two different alleles at a locus. Regardless of 
whether an individual is homozygous or heterozygous, they possess two alleles at a locus 
and as such, their coefficients in the gene matrix, which appear as a column, must sum to 
two. For example, a valid five-allele gene matrix for three contributors is given by 
2 0 0 
0 1 0 
0 1 0 . 
0 0 1 
0 0 1 
In this example the first person, represented by the leftmost column is homozygous in the 
first allele at this locus. The second person, represented by the middle column, is 
heterozygous having the second and third alleles at this locus. Finally, the third person, 
represented by the rightmost column, is heterozygous having alleles four and five. The 
sum of each column is two because each individual has two alleles at a locus, and the 
sum of all entries is twice the number of contributors for the same reason. There are also 
no rows with all zero entries, which would mean that nobody has that allele. 
The number of different alleles present at a specific mixture locus dictates how 
many rows the gene matrix would have. If two contributors each have one or more 
copies of the same allele, they will each have a non-zero coefficient in the corresponding 
same row of the gene matrix. A complete listing of all the gene matrices appears in 
Tables A-1 through A-5.
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It should be noted that permuting the columns of a gene matrix is not regarded as 
a different gene matrix per se. This is because each column of the gene matrix represents 
a single person's genotype and the columns of a gene matrix represent a unique 
combination of genotypes in the mixture. Just as permuting two elements of a 
combination results in the same combination: so too does permuting two columns of a 
gene matrix result in the same genotype combination. Row permutations are different 
however. Permuting two rows has the effect of reassigning the particular alleles that each 
person has, resulting in a different genotype combination of the contributors. 
3.3.2. Six-Allele Gene Matrices 
Six-allele gene matrices result from each contributor being heterozygous and 
contributing a pair of alleles different from those contributed by the other two 
contributors. The size of the gene matrix is six by three indicating six alleles from three 
contributors. There are fifteen distinct genotype combinations possible in a three-person 
mixture containing six alleles resulting in fifteen distinct six-allele gene matrices. Each 
of the three contributors must be heterozygous a nd each c ontributor must contribute a 
different two alleles than does either of the other two contributors. This precludes the 
possibility of two people contributing a common allele to the mixture. As will be seen in 
subsequent sections, two or more people contributing a common allele is what gives rise 
to different possible allele sharing arrangements which in turn increases the number of 
genotype combinations possible at a locus. Each of the fifteen six-allele gene matrices 
would be rank three which is full rank, meaning all three columns are linearly 
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independent from each other, and have a unique column space. An example six-allele 
gene matrix is given by 
1 0 0 
1 0 0 
0 1 0 
0 1 0 
0 0 1 
0 0 1 
The column space of a matrix is the space reachable through linear combinations of 
its columns. The weightings of these linear combinations in this context would be the 
mass coefficients of the three contributors. The dimension of the column space is three, 
indicating a three-dimensional subspace inside the six-dimensional mother space. Should 
any signal perturbations be experienced, it is very likely that the observed allele peak wea 
data will not lie wholly in the three-dimensional column space. This implies an 
inconsistent system and that an exact solution to the system will not exist. Unique 
column space of a matrix would indicate that a unique least squares solution would give 
the best-fit mass ratio vector, thereby aiding in the determination of the genotypes in the 
mixture. On the other h and, if two or more gene matrices all have the same column 
space, then for a given allele peak area data, these gene matrices will all give the same 
least-square fit w ith e xactly t he same fitting e rror. T he r elative m ass r atios would be  
different but it would be impossible to select the true genotype combination based solely 
on fitting error. This point will be discussed in more details in the Results section. 
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3.3.3. Five-Allele Gene Matrices 
There are forty-five unique genotype combinations possible at a locus with five 
alleles, three times as many as are possible when six alleles are present. These additional 
genotype combinations arise because of different allele sharing arrangements possible for 
five alleles among the three contributors. Two distinct sharing arrangements are possible 
because five alleles are being shared among three people each with two alleles; the first 
pattern is where one contributor is homozygous and the other two are heterozygous; the 
second pattern is where all three are heterozygous. As with the six-allele gene matrices, 
all of the five-allele gene matrices tum out to be of rank three and have unique column 
spaces. An arbitrary five-allele gene matrix sharing the first listed allele is given by 
1 1 0 
1 0 0 
0 1 0 . 
0 0 1 
0 0 1 
In this five-allele gene matrix, person one and person two both contribute one common 
allele, the first one listed. This sharing of an allele has implications as to the stability of 
resolution, which will be discussed, in the Results chapter. 
3.3.4. Four-Allele Gene Matrices 
There are fifty-two four-allele genotype combinations possible at a four-allele 
locus, the largest number of all locus types. This large number of cases is the result of 
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two competing factors. There are fewer alleles present at a locus, which serves to 
decrease the variation and thus the number of unique genotype combinations. However, 
when one or more alleles are being shared among the contributors, many more sharing 
patterns are now possible. The effect of increasing the number of shared alleles 
outweighs the effect of decreasing the number of alleles; resulting in an overall increase 
in the number of possible genotype combinations. 
Six of the fifty-two genotype combinations are rank two and the other forty-six are 
rank three. A representative four-allele genotype combination that is rank three is given 
by 
2 0 0 
0 1 0 
0 1 1 
0 0 1 
A representative four-allele genotype combination that is rank two is given by 
1 1 0 
1 1 0 
0 0 1 
0 0 1 
A rank two gene matrix has a two-dimensional column space, which in turn means that in 
the four-dimensional a llele p eak a rea s pace, s uch a g ene m atrix can o nly theoretically 
produce vectors in the two dimensional space spanned by its column space. In reality, 
any signal perturbation suffered by the true allele peak area data can move that vector off 
the t wo-dimensional column space of t  he t rue genotype c ombination. This 1 eads t o  a 
non-zero fitting error and thus a least squares solution. 
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More importantly, only sixteen gene matrices have unique column spaces among 
the fifty-two gene matrices, which are all three-dimensional. Column space of each of 
the remaining thirty-six gene matrices overlap in a variety of ways, which will be 
analyzed later. Having g ene matrices with identical or near identical column space is 
detrimental to mixture resolution, because these matrices would a 11 fit the g iven allele 
peak area data equally well with comparable fitting errors. Therefore, it is nearly 
impossible to pick out the true genotype combination, which normally is expected to fit 
with distinctly smaller fitting error. 
Should the true genotype combination at a locus be one of the thirty-six genotype 
combinations that do not have a unique column space, a complication arises. As 
previously mentioned, the genotype combinations that have the same column space, as 
does the true genotype combination will all produce nominally the same fitting error. 
This makes selection of one genotype combination based mostly on error ratio 
impossible. A numerical example of this phenomenon is presented in Figure 3.2. The 
allele peak area data being fitted in Figure 3.2 was generated using a four-allele genotype 
combination that does not have unique column space shown below, 
2 I 0 
0 I 0 
0 0 I 
0 0 I 
A true mass ratio vector of [ 1.00 4.95 8.00] was used to weigh the columns of the true 
genotype matrix, and up to one percent heterozygous peak imbalance was added to the 
clean signal. The top three ranked genotype combination cases all produce identical 
fitting errors to the observed allele peak area data because they all have identical column 
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Gene Matrix Best-Fit Mass Ratio Fitting Error Error Ratio 
2 1 0 [1.000] 
0 1 0 
5.063 0.0216 1.0000 
0 0 1 
8.197 
0 0 1 
2 0 0 [1.395]0 2 0 
1.000 0.0216 1.0000 
0 0 1 
3.238 
0 0 1 
1 0 0 [-7.063] 
1 2 0 
1.000 0.0216 1.0000 
0 0 1 
-8.197
0 0 1 
1 0 0 [-4.729]0 2 1 
1.000 0.1474 6.8171 
1 0 0 
-5.154
0 0 1 
1 0 0 [2.999] 0 2 0 
1.000 0.1474 6.8171 
1 0 0 
1.634 
0 0 2 
1 0 0 [4.729] 0 1 0 
3.154 0.1474 6.8171 
1 0 0 
1.000 
0 1 2 
Figure 3.2: LSD-3 mathematical results from a single locus; the true genotype 
combination has four alleles and a non-unique three-dimensional column space, true 
mass vector is [1 4.95 8] and 1 % heterozygous peak imbalance 
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spaces. This causes their three fitting error ratios to be one, which renders a resolution 
based mostly on error ratio impossible. As a result, without using additional information 
such as the best-fit mass ratios, either of the top two ranked genotype combination cases 
could be selected as the true genotype combination. Note, however, that the best-fit mass 
ratios for these top-ranked two cases are quite different from each other; and the third 
case contains negative mass coefficients, which are not possible in real applications. 
There are six sets of triplet gene matrices in which all three member of a set have 
identical three-dimensional column spaces. There are three sets of quadruplets in which 
all four genotype combination members of a set have identical column spaces, different 
from that of the previous set just mentioned. There are three sets of twins as well. These 
three sets of twins are rank two, meaning that their column spaces are two-dimensional 
subspaces of the four-dimensional mother-space. Each set of twin two-dimensional 
column spaces lies wholly within fourteen other three-dimensional column spaces, 
indicating that fourteen three-dimensional column spaces all have non-zero intersections 
with each other in a two-dimensional subspace spanned by the column space of each of 
the twin gene matrices. Moreover, each of quadruplets contains different two­
dimensional column spaces. This intersection scheme is represented in Figure 3 .3. 
The numbers in Figure 3.3 denote the thirty-six out of the fifty-two four allele gene 
matrices w ith n on-unique c olumn s paces. Gene matrices enumerated w ithin t he s ame 
geometric shape have identical column spaces. Intersection among shapes indicates that 
the column spaces of those gene matrices intersect in some way. For example, gene 
matrices 30 and 31 share the same two-dimensional column space. Gene matrices 10, 11, 
12, and 13 all share the same three-dimensional column space that includes the two-
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10,11, 12,13 18, 19, 20, 21 
14, 15, 16, 17 
c:::> : Two-dimensional subspace 
O : Three-dimensional subspace 
D : Three-dimensional subspace 
Figure 3.3: Representation of the column space intersections of the four-allele gene 
matrices where the numbers represent gene matrices and the intersection of two 
geometric shapes indicates an intersection in the column spaces of those gene 
matrices contained within those shapes 
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dimensional column space of gene matrices 30 and 31 all within an overall four­
dimensional mother space. Gene matrices 18, 19, 20, and 21 all share the same three­
dimensional column space that also completely contains the column space of gene 
matrices 30 and 31, but the three-dimensional column space of 18-21 is a different 
subspace from that of 10-13. This implies that the two three-dimensional column spaces' 
intersection is two-dimensional and is spanned by the column spaces of gene matrices 30 
and 31. Furthermore, gene matrices 7, 8, and 9 have three-dimensional column space that 
intersects with the two-dimensional column space of gene matrices 30 and 31. The same 
is also true of gene matrices 27, 28, and 29, their three-dimensional column space 
intersect the column space of gene matrices 30 and 31. 
These intersections have a serious negative impact on the resolvability of mixtures 
using the LSD approach because of the nature of the least squares solution. If the allele 
peak area vector being fitted lies in or close to one of the intersecting two-dimensional 
subspaces, there will be sixteen gene matrices that when fitted to the same data will all 
produce identical or nearly identical fitting errors. These sixteen gene matrices are 
shown as in or overlapping the oval in Figure 3.3. A simulated numerical example of this 
is presented in Figure 3.4. 
The unperturbed signal being fitted in Figure 3.4 was generated using the true 
genotype combination 
1 0 0 
1 0 0 
0 1 1 
0 1 1 
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Locus 1 
Raw Data: 1.0494 1.0281 8.7990 8. 6365
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[l 1 0 0; 0 0 2 0; 0 0
[1 1 0 0; 0 0 2 0; 0 0
[1 1 0 0; 0 0 1 1; 0 0
[1 1 0 0; 1 0 1 0; 0 0
[1 0 1 0; 0 1 0 1; 0 0
(1 1 0 0; 1 0 1 0; 0 1
[1 1 0 0; 0 1 0 1; 0 0
[1 0 0 1; 0 1 1 0; 0 0
[1 1 0 0; 1 0 0 1; 0 1
(1 1 0 0; 1 0 0 l; 0 0
(1 1 0 0; 0 1 1 0; 0 0
[2 0 0 0; 1 1 0 0; 0 0
[2 0 0 0; 0 2 0 0; 0 0
(1 1 0 0; 0 2 0 0; 0 0
[1 1 0 0; 1 1 0 0; 0 0
[1 1 0 0; 0 0 1 1; 0 0 
[2 0 0 0; 0 1 1 0; 0 0 
[1 0 1 0; 0 2 0 0; 0 0 
(2 0 0 0; 0 1 0 1; 0 0 
[1 0 0 1; 0 2 0 0; 0 0 
[1 0 1 0; 0 1 1 0; 0 0 



































































106.284] 0.015 1.000 
4.157] 0.015 1.000 













4 .196] 0.113 7.688 
15.910] 0.486 33.148 
16.226] 0.498 33.964 
16.013] 0.669 45.595 
16.331] 0.681 46.411 
14.850] 0.931 63.510 
17.601] 1.089 74. 290
Figure 3.4: LSD-3 mathematical results from a single locus; the true genotype 
combination (bolded) has four alleles and a non-unique two-dimensional column 
space, true mass vector is [1 3.5 5] and 5% heterozygous peak imbalance 
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and the true mass ratio vector [1.0 3.5 5.0]. Five percent heterozygous peak imbalance 





The first three results in Figure 3.4 all have the same fitting error because these three 
genotype combinations have the same column space. The same is true of the fourth 
through seventh results; they all share the same column space. Likewise, the eighth 
through eleventh share the same column space and the twelfth through fourteenth results 
share the same column space. Finally, the fifteenth and sixteenth results share the same 
two-dimensional column space. The sixteenth result, which is bolded, is the true 
genotype combination at this locus. Because the observed allele peak area data was close 
to the two-dimensional subspace that it was generated from, the fourteen genotype 
combinations whose three-dimensional column spaces contain the two-dimensional 
column space of the true genotype combination all fitted the allele peak area data 
comparably well and better than did either of the two-dimensional genotype 
combinations. The mathematical results from Figure 3.4 are consistent with the pattern 
presented in Figure 3.3, two sets of quadruplets, two sets of triplets and one set of twins 
all fit the allele peak area vector comparably well. 
If the allele peak area vector lies on the line where two such two-dimensional 
subspaces intersect, the vector [1 1 1 1], there will be thirty-six gene matrices that closely 
fit the data all with comparable fitting errors. Because the use of the least squares 
solution method in resolution capitalizes on the existence of a relative large difference in 
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the fitting error between the fit by the true genotype and the next-best fit but wrong 
genotypes, having multiple genotype combinations which all have comparable fit to the 
measured allele peak area vector does not lead to clear genotype resolutions. 
3.3.5. Three-Allele Gene Matrices 
Twenty-nine genotype combination cases are possible at a three-allele locus, 
significantly less than that for four-allele gene matrices. The gene matrices representing 
them are three-by-three. This sharp decrease is due to the effect of reduced number of 
alleles becoming more significant than the effect of increasing the number of shared 
alleles among the contributors. 
All twenty-nine three-allele gene matrices are square having three rows and three 
columns. Of these twenty-nine gene matrices, seventeen are full rank (with three 
independent rows and columns) and the rest has a rank of two. The seventeen full-rank 
gene matrices all share the same three-dimensional column space. The remaining twelve 
rank-deficient gene matrices can be divided into six sets of matrices where both matrices 
within a set have the same two-dimensional column space but different from that of the 
other sets. As in the four-allele case, all twelve of the two-dimensional column spaces 
are contained within the three-dimensional column space that seventeen of the gene 
matrices possess. 
With regard to a least squares solution, the square nature of the full-rank gene 
matrices introduces another mathematical artifact to render the least-square solution 
impractical. For these full rank matrices, it is guaranteed that any arbitrary allele peak 
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area vector would lie wholly within the column space of these full-ranked seventeen of 
the twenty-nine gene matrices. Moreover, an allele peak area vector that lies �ithin any 
of the six two-dimensional column spaces would also lie in the column space of the 
nineteen full-ranked matrices of the twenty-nine gene matrices. Because of this overlap 
of column space, a least squares solution of any allele peak area vector will result in 
either seventeen or nineteen gene matrices fitting the data perfectly, rendering a 
resolution impossible in that a different unique mass coefficient solution exists for each 
of the gene matrices, with no fitting error. Mathematically speaking then, seventeen 
possible genotype combinations fit exactly and equally well to the given allele peak area 
vector. Because confident resolution of a locus hinges upon a large difference between 
the fitting errors of the top two ranked genotype combinations, multiple genotype 
combinations fitting the observed allele peak area data equally well will frequently result 
in a locus that cannot be resolved. 
The r ank  t wo t hree-allele g ene m atrices a re u nderdetennined a nd t here exists an  
infinite number of least square solutions for each gene matrix. This would result in each 
gene m atrix p roducing i den ti cal fitting e rror t o  t he o bserved allele p eak area d ata and 
thereby rendering any resolution at that locus difficult if not impossible. 
With the one hundred forty nine genotype combinations characterized and their 
column spaces overlaps understood, investigation into the stability of resolution of these 
genotype combinations was begun. 
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3.3.6. Two-Allele Gene Matrices 
There are. eight two-by-three two-allele gene matrices all of which are rank two 
except for one, which is rank one. The seven full-rank gene matrices all share a common 
two-dimensional c olumn space, w hich spans t he entire t wo-dimensional mother s pace. 
The remaining lone gene matrix has a unique one-dimensional column space. As is the 
case for all underdetermined gene matrices, there will always exist an infinite number of 
relative mass ratio vectors that produce no fitting error to the observed allele peak area 
data. This in turn results in all underdetermined gene matrices producing the same fitting 
error and thus rendering a confident resolution at that locus difficult or impossible. 
With all possible genotype combination cases enumerated and their column 
spaces analyzed, the sensitivity of their resolution to signal perturbations is to be 
analyzed. 
3.4. Sensitivity of Genotype Resolution to Relative Heterozygous Peak 
Imbalances 
3.4.1. Objective 
In each three-person mixture, the allele peak area data at each of the thirteen loci 
is the result of the superposition of the STR/DNA signals from the three contributors. 
Each mixture is described by thirteen true genotype combinations, each weighted by the 
respective relative DNA mass in producing the superimposed mixture peak data. Some 
degree of peak imbalance always exists among the heterozygous peaks contributed by the 
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same person at that locus. Because LSD-3 resolves the mixture by identifying those 
genotype combinations at each locus with comparable best-fit mass ratios, one would like 
to know, a priori, how sensitive the resolution of each possible genotype combination is 
to mass ratios and to the presence of relative peak imbalance. To this end, a study is 
desired that will convey and compare the degree of sensitivity of resolution each of the 
genotype combinations as represented by gene matrices is to differing relative mass ratios 
and differing levels of heterozygous peak imbalance. 
3.4.2. Approach and Simulation Steps 
At the beginning of each round of sensitivity studies, a particular gene matrix is 
first chosen to be the true gene matrix that LSD-3 is hoped to rank first regardless of 
mass ratios and heterozygous peak imbalance. Then, a range of relative mass ratios as 
well as a range of peak imbalance levels are chosen to reflect likely scenarios. For each 
level of peak imbalance, hundred of random and independent simulations with randomly 
generated signal noise up to a specified level are conducted as a function of relative mass 
ratios. The results of these simulations make up a family of curves showing the gene 
matrix's sensitivity as a function of the relative mass ratios, parameterized by peak 
imbalance ( signal noise). 
Section 3.4.2.1 presents an overview of the sensitivity study. Section 3.4.2.2 
discusses the selection of the three masses and their representation by one overall 
number. In Section 3.4.2.3 the manner in which peak imbalance is added is explained. 
Section 3.4.2.4 presents the least squares solution method used to calculate the optimum 
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mass ratio that best fits t he allele peak area data for the c hosen g ene matrix. Section 
3.4.2.5 discusses how the resulting fitted mass ratios are ranked according to their 
respective fitting error ratio. Section 3.4.2.6 lays out the specific protocols used to 
conduct these simulations. Finally, Section 3.4.2. 7 presents a sample graphical result of 
these simulations and discusses how they are to be interpreted. 
3.4.2.1. Overview of Sensitivity Study 
In order to understand the sensitivity of each of the one hundred and forty nine 
gene matrices ( for two to 6-allele loci), a success/failure plot was prepared for each gene 
matrix. These success/failure plots show the sensitivity of resolution of a genotype 
combination to relative mass ratios parameterized by heterozygous peak imbalance. A 
genotype combination is selected to be the true genotype combination under study. Over 
a range of mass ratios and noise levels, allele peak area data are generated from this true 
genotype combination. LSD-3 is then used to process each possible genotype 
combination and rank them according to their fitting error to the allele peak area data. 
Out of thousands of simulations for each genotype combination case, the frequency that 
the top-ranked genotype combination is the true genotype combination is tabulated and 
plotted in the y-axis of success/failure plots. 
3.4.2.2. Choice of Mass Ratio Range 
For the sake of clarity, the three contributors to a mixture are referred to in 
ascending order of mass contribution; e.g. person one contributes the least amount of 
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DNA to the mixture, person two contributes more DNA than does person one, and person 
three's DNA is present at the highest level in the mixture. The three DNA amounts are 
normalized against that of the smallest mass such that the smallest is one. After 
normalization, the resulting mass ratio vector consists of two ratios; the ratio of person 
two's mass to person one's mass and the ratio of person three's mass to person one's 
mass. For studies reported in this research, person two's mass was arbitrarily chosen at 
some fraction of the difference between person one's mass and person three's mass. In 
the majority of the simulations conducted, this fraction was chosen at fifty-five percent of 
the difference as measured from that of mass one. As a result, the three masses in the 
mixture can be expressed by a single number, that of mass three. For instance a mass 
ratio representation of ten indicates that the mass ratios of the three contributors are 
1:5.95:10. The ratio '5.95' is at a distance fifty five percent between that of' l' and '1 O'. 
This is very convenient for purposes of displaying information because three dimensions 
can be reduced to one. 
It is known from LSD-2 that resolution is most difficult in the limit when the 
relative mass portions in the mixture approach one another. To this end 1.03 was 
selected as the smallest value for the mass ratios of person three. Differential sperm 
extraction i s a t echnique u sed b y D NA c rime 1 abs i n  enriching t he m ale c ontributor's 
DNA mass in a female-male mixture, by taking advantage of the difference in density 
between that of the male sperm cells and the female epithelial cells. The enrichment is 
desirable when a crime lab is interested in the typing of the male's DNA in a rape case. 
Differential sperm extraction usually results in large relative mass ratios, sometimes as 
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large as 20 to 1. Because of this, a value of 20 was selected as the highest DNA mass 
ratio for person three in the simulation. Fourteen other values were chosen between 1.03 
and 20 to span the mass ratio range. These values are 
[11�45 8.:5 4.85 3.475 3.2 2.925 2.65 2.375 2.1 1.825 1.55 1.44 1.33 1.22 1.11 l.�17]. 20 14 8 5.5 5 4.5 4 3.5 3 2.5 2.00 1.80 1.60 1.40 1.20 1.030 
3.4.2.3. Introduction of Peak Imbalance 
Imbalance between heterozygous peaks at a locus of each contributor is simulated 
by adding uniformly distributed white noise to the clean allele peak area data, in order to 
simulate real laboratory data. The imbalance added to the clean signal is scaled such that 
the standard deviation of the noise is no more than a fixed percentage of the amplitude of 
the c lean s ignal. T his sc aling i s  done o n  an allele-by-allele b asis. For e xample, a t  a 
three-allele locus where the clean allele peak area data are [ 100 150 200] and ten percent 
peak imbalance is being added, the resulting noisy signal is described by a vector of 
random numbers within the range of [100±10 150±15 200±20]. Note that the imbalance 
can be either positive or negative, so that in the case of two heterozygous allele peaks one 
of which may experience a maximally positive noise addition while the other may 
experience a maximally negative noise addition. As a result, the peak imbalance 
experienced may be up to twice the percentage level of peak imbalance. 
The various peak imbalance percentage noise levels used for the sensitivity 
simulations are [0, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29]. Simulation runs 
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with zero percent peak imbalance are used as a control to detect any mathematical 
anomalies that may exist for a particular gene matrix. The highest peak imbalance 
tolerance level accepted by crime labs around the country is about thirty percent [ 1 ], so 
this level was chosen to be the ceiling for this study as well. 
3.4.2.4. Least-Square Fitting of Mass Ratios to Measured Allele Peak Area 
Data for all Possible Genotype Combinations 
Once random peak imbalance has been introduced to the clean allele peak area 
data constructed from the gene matrix being studied, the dirty signal is now taken as the 
data measured of the allele peaks of a mixture after DNA amplification by PCR. Each 
genotype combination, as represented by a gene matrix is tried in turn, to render the best­
fit mass ratio by the least-square approach. One does not need to consider those gene 
matrices that do not have the correct number of alleles, e.g. the fifteen s ix-allele gene 
matrices should not be used to fit to five-allele peak area data. This least-square fitting 
method for three contributor mixtures is identical to that used for two people mixtures 
(LSD-2). The main steps of this procedure are reviewed below. 
The noisy allele peak area data are first normalized such that the smallest allele 
peak has an area of one and the other peaks have values greater than or equal to one. 
This normalization is done to equalize the relative peak data across all loci. For each 
gene matrix being tried, the best-fit least-square mass coefficient vector is calculated by 





is the pseudoinverse of the gene matrix being processed and b is the normalized 
observed allele peak area data, and x15 denotes the fitted mass ratio coefficients. Next, the 
peak area vector manifested by the best-fit mass coefficient is calculated and is given by 
b predicted =A* Xis' 
where b
p
redicted is the allele peak area data that would have been observed has the 
genotype combination being processed been weighted by its best-fit mass portion vector 
and no signal perturbation has been experienced. Once fitted peak area is calculated, a 
fitting error vector can be constructed according to 
e"or = b predicted - b . 
The magnitude of the error vector is the metric of interest and is calculated according to 
the n-dimensional distance formula. This magnitude will be referred to hereafter as 
fitting error. 
where 11·112 indicates the two-norm of the argument vector.
Each gene matrix is taken in tum, and the best-fit mass ratio for that gene matrix 
is desired, and the corresponding fitting error is arrived at until all possible gene matrices 
have been processed. This is followed by a normalization step in which the magnitude of 
the fitting errors of each gene matrix is normalized to that with the smallest magnitude. 
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3.4.2.5. Rank Ordering of LSD-3 Results 
After each gene matrix has been tried in fitting to the noisy allele peak area data, 
the normalized fitting error results are ranked in order of increasing magnitude. The 
ranking of these processed genotype combinations are of primary interest for the 
purposes of the sensitivity study. After each noise addition and subsequent processing of 
the possible genotype combinations, a check is made to determine if the top-ranked 
genotype combination is the true g enotype c ombination being studied. T he frequency 
among the five thousand rounds of simulations using a different set of random noise 
added each time that this check is passed is tabulated and plotted. These plots are 
referred to as success/failure plots and are used to gauge the sensitivity of the resolution 
of the true genotype combination to heterozygous peak imbalance as a function of 
relative mass ratios. 
3.4.2.6. Simulation Protocols 
For each peak imbalance level, 5000 rounds of independent noise additions and 
resolutions are conducted over the range of mass ratios selected. A large number of 
simulation runs is required because the peak imbalance added to the clean allele peak 
area data are randomly chosen. Small numbers of simulations are insufficient to allow 
for the random effects to become evenly distributed, and for a meaningful trend of 
sensitivity to develop. The specific value of 5000 was chosen because it was the smallest 
value that gave reasonably smooth curves in the resulting graphs (See the next section for 
an explanation of graphical representations of simulation results). Much larger numbers 
50 
were experimented with in order to verify that 5000 was indeed enough to represent all 
possible peak imbalance additions, and it was. 
3.4.2. 7. Graphical Representation of Study Results 
Rather than display a three-dimensional waterfall plot of the simulation results, a 
simpler two-dimensional plot is used without sacrificing information transmission. The 
abscissa is the mass of person three as normalized to that of person one, as discussed in 
section 3.4.2.2, and whose value ranges from one to twenty. The ordinate is the 
percentage of successful resolution out of the five thousand simulation runs, as discussed 
in Section 3.4.2.5. A total of sixteen curves appear in the plot, representing sixteen levels 
of peak imbalance. Figure 3.5 shows such a plot, details of which will be discussed in the 
next paragraph. One hundred forty nine such plots were prepared, each of which is for a 
different reference gene matrix being used as the 'true genotype combination' in the 
generation of the 'clean true allele peak area data'. These plots encompass the sensitivity 
study of all the gene matrices as a function of relative mass ratio at different levels of 
noise. 
Each curve in a success/failure plot represents the frequency out of five thousand 
runs that the 'true' gene matrix actually ranks first in LSD-3 's least-square fitting results, 
as a function of relative mass ratio parameterized by peak imbalance level. Ordinate 
values close to one are interpreted as situations in which the 'true' gene matrix has been 
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Figure 3.5: A representative success/failure plot from the sensitivity study; here xis 
the mass of person three relative to that of person one, the ordinate is the frequency 
that the true genotype combination ranked first in LSD-J's results, the legend 
specifies the percentage level of uniform white-noise addition, and the matrix in the 
bottom right is the genotype combination under study 
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recognized by LSD-3 to be the most fitting to the noisy allele peak area data, and 
therefore is not sensitive to the indicated noise level at that relative mass ratio value. It is 
desirable for all sixteen curves to have values close to one over the range of mass ratios, 
indicating that the particular gene matrix under study is not at all sensitive to the presence 
of noise across the mass-ratio range studied. 
In Figure 3.5, at relative mass ratios greater than eight, the 'true' gene matrix 
ranks first greater then ninety-five percent of the time regardless of peak imbalance level. 
At lower relative mass ratios, this genotype combination is more sensitive to noise, as 
evidenced by an increasingly lower rate of frequency of success, down to about seventeen 
percent at a mass ratio of 1.03. The five-by-three matrix underneath the legend is the 
gene matrix whose sensitivity result is being shown in the figure. 
3.4.3. Discussion of Different Criteria for Evaluating Successful Resolution 
Several different criteria can be used to evaluate the sensitivity of the resolution 
of genotype combinations. While the most direct measure is simple success/failure as 
discussed in Section 3 .4.2.5 more insights of genotype combinations can be obtained by 
considering soft success/failure criteria and analyzing the rank of the 'true' genotype, 
when it did not rank as the top choice. 
In soft success/failure plots, if the 'true' gene matrix is ranked third or better in 
LSD-3 's mathematical results, the simulation is considered a success. This allowance is 
made because frequently there are several gene matrices that share the same column 
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space, thereby all producing the same fitting error ratio. The ranking placement of these 
similarly acting gene matrices depends on the order by which it happens to be 
enumerated (stored) in the database. Therefore, the absolute ranking order of the fit of 
gene matrices under this circumstance is misleading. 
Allowing the 'true' gene matrix to appear among the top three rankings takes care 
of many of these degenerate cases. These plots are interpreted in the same manner as 
simple success/failure plots are. 
In a third kind of ranking plot, the average ranking from results of the five 
thousand s imulation r uns o ft he ' true' gene matrix i n  L SD-3 's m athematical r esults i s  
tracked. A family of curves parameterized by peak imbalance is plotted against the 
normalized relative mass ratio of person three. However, the ordinate in these plots is the 
average of the ranking order of the 'true' genotype at the indicated mass ratio. In these 
rank plots, a low curve would indicate that the corresponding 'true' genotype 
combination i s  r elatively i nsensitive t o  s ignal p erturbation across t he range o f  r elative 
mass ratios. This information is very useful in that one can immediately see that 
regardless of peak imbalance and across all mass ratios, a particular gene matrix never 
ranks worse than some ranking order. A plot of the rank of a stable five-allele gene 
matrix is shown in Figure 3.6. 
The gene matrix whose average ranking out of five thousand runs, shown in 
Figure 3.6, is the same gene matrix that was examined in Figure 3.5. As a result, the 
interpretation is the same as in that of Section 3.4.2. 7 but for different reasons. In Figure 
3.6, regardless of the level of peak imbalance added and at all mass ratios higher than 
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eight, the average rank of the gene matrix in LSD-3's mathematical results is one, 
meaning that this genotype combination ranked first under these conditions. At lower 
mass ratios, the average ranking position at which the 'true' gene matrix appears begins 
to increase until it finally a rrives at about five. Although one could not tell from the 
information presented in Figure 3.5, Figure 3.6 s hows that the average ranking of this 
particular gene matrix will likely be no higher than fifth regardless of the relative mass 
ratios and the level of peak imbalance (first being the highest ranking). Both types of 
plots w ill b e u sed in  the e valuation o f s ensitivity o fa g ene m atrix t o  n oise 1 evel a s  a 
function of relative mass ratio. 
3.5. Locus Concatenation Study 
After the sensitivity of each individual gene matrix to peak imbalance is fully 
characterized, it appears plausible that some of the less sensitive gene matrices can be 
used to decrease the sensitivity of some of the more sensitive gene matrices, when 
concatenated to the latter. 
3.5.1. Objective 
The purpose of this study is to determine the feasibility of adding confidence to 
LSD-3 's resolution by means of vertically concatenating two gene matrices together, and 
treating it as one matrix entity in the LSD-3 fitting to the given peak area data by the 
least-square approach. Vertical concatenation serves to make an already over-determined 
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matrix (i.e. more rows than columns) system more so, which could in tum make the 
resulting gene matrix less sensitive to peak imbalance and relative mass ratios. 
3.5.2. Implementation of Locus Concatenation 
Mathematically, the method used in this study is nearly identical to the method 
laid out in Section 3.4.2.4. The only change was in the normalization of the two allele 
peak area vectors being concatenated. Each allele peak area vector is first normalized 
such that its sum is one, before it is concatenated to a second, similarly normalized allele 
peak area vector. The separate normalization is done so that each locus in the 
concatenation is treated equally important mathematically. 
From a practical standpoint, implementation is similar to what is described in 
Section 3.4.2.6 with a few alterations. Most important is the choice of the two gene 
matrices to concatenate. A stable gene matrix is chosen from among those gene matrices 
that e xhibit 1 ittle s ensitivity t o  p eak i mbalance at a 11 r elative m ass r atios. In p ractice, 
such a stable genotype combination would be recognizable because the error ratio of the 
second ranked genotype combination will be quite large. Figure 3.7 and Figure 3.8 give 
examples showing the difference between a stable and an unstable five-allele gene matrix 
to the presence of noise. Once a stable gene matrix is selected, it is concatenated to an 
unstable gene matrix in response to the presence of noise with a certain number of alleles. 
For instance in the figures that follow, a stable five-allele gene matrix was selected first 
and then each of all fifty-two four-allele gene matrices was concatenated to it. 
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Resolution Successes Parameterized by Uniformly Distributed Noise: 5-Allele Locus Case 1 
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Figure 3.8: Effect of peak imbalance on a sensitive five-allele gene matrix 
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A stable and an unstable gene matrix were chosen as the 'true' genotype 
combinations for two loci and cle� allele peak area data was generated over a range of 
relative mass ratios of interest. Random unifonnly distributed noise with the same 
variance level was then added to the clean allele peak area data to simulate peak 
imbalance. The resulting allele peak area vectors are normalized separately and 
concatenated. LSD-3 takes each possible concatenated gene matrix in tum to arrive at 
the best-fit mass ratios for the concatenated allele peak area vector. The possible gene 
matrices that are processed in LSD-3 were constructed by concatenating the ·same stable 
gene matrix to all possible candidate gene matrices for the unstable locus. For instance, 
in the example used above, each of the four-allele gene matrices would be concatenated 
to the stable five-allele gene matrix resulting in fifty-two nine-allele concatenated gene 
matrices. It is these gene matrices that are processed by LSD-3 to arrive at best-fit mass 
ratios to the concatenated allele peak area vector. 
The effectiveness of the concatenation approach were evaluated by comparing the 
success of resolution before and after concatenation for the locus with the unstable 
genotype combination. Interpretation of graphical results is similar to what is described 
in Section 3.4.2. 
3.S.3. Interpretation of Results
Locus concatenation is an enhancement to the basic LSD-3 method. A 
comparison is to be made between the resolution results of the gene matrix both before 
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and after concatenation with respect to each of the separate gene matrices. If the 
sensitivity to noise is reduced greatly after concatenation, then concatenation was 
beneficial. For the sake of completeness, all three success/failure plots are shown as 
subplots in a single plot. They include the success/failure plot for each of the separate 
gene matrices before concatenation and that of the concatenated gene matrix. In many 
cases t he s tability o ft he c oncatenated gene matrix i s  less t han t hat o ft he s table gene 
matrix by itself, but this is immaterial because concatenation isn ,t intended to make an 
already stable gene matrix more stable. The stable locus would have already been 
processed by LSD-3 to yield a resolution that would have been recognized as a confident 
resolution and a stable genotype. This would have been the reason that this locus was 
chosen for concatenation with other unstable loci. 
3.6. Incorporation of Reference Profile into Gene Matrices 
A second enhancement to the basic LSD-3 method is to assume that one of the 
three contributors' genotype is known with certainty. In many situations a forensic 
sample composed of three persons' DNA is recovered from a crime scene with a known 
victim. Because a victim's DNA will likely contribute to every three-person mixture 
under these circumstances
, 
there is additional information that can be used to make LSD-
3, s resolution more confident. This enhancement is expected to have the most effect on 
resolvability of the resulting mixture profile. 
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3.6.1. Objective 
The purpose of this series of study is to investigate the improvement, if any, 
provided b y  i ncluding a r eference genotype p rofile as  k nown i nformation t o  e liminate 
impossible genotype combinations from consideration. It is expected that with the 
knowledge of the genotype of one of the three contributors, the number of possible 
genotype combinations would be greatly reduced, especially in the case of a four-allele 
locus genotype. As a result, LSD-3 may result in error ratios for the top-ranked genotype 
combination that are more distinctly separated, thereby indicating a clearer and more 
confident resolution. 
3.6.2. Formulation 
One of the three contributing genotypes at a locus is assumed known, and is used 
as a reference. This information is used to cull the list of possible gene matrices that does 
not include the reference genotype. An issue arises as to which relative mass portion one 
designates the reference genotype to have; the lowest, the middle, or the highest mass in 
the mixture. All simulations presented in this work that incorporate a reference profile 
assume that the first column of the gene matrix is known, which corresponds to the 
genotype of the lowest mass contributor. 
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3.6.3. Implementation 
Mathematically the method used in this study is nearly identical to the method 
laid out in Section 3.4.2.4. The only significant difference is that the list of gene matrices 
which are to be processed to arrive at best-fit mass portions to fit the normalized allele 
peak area data are reduced. If any of the three genotypes of a gene matrix matches the 
reference genotype combination, then that gene matrix is included in LSD-3 processing. 
The separation in least-square fitting errors for the top-ranked genotype combination 
cases would be examined to access the confidence in the indicated resolution rendered by 
the top-ranked case. 
3.6.4. Simulation Protocols 
The protocols used to conduct these simulations are similar to those described in 
Section 3.4.2.6 with one notable exception. As discussed previously, the list of possible 
genotype combinations is reduced by e liminating those g enotype combinations that do 
not include the reference genotype. 
3.6.5. Interpretation of Results 
A comparison is made between the frequency of successful resolution with and 
without assuming a known genotype. If the 'true' genotype combination ranked first 
more often than that of the control scenarios, the inclusion of a reference profile was 
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judged beneficial; otherwise inclusion of a reference profile is deemed to hinder the 
resolution stability of the genotype combination. 
3. 7. Relative Mass Ratio Consistency Study
When separation of error ratio alone is not enough to prompt one to choose one 
genotype combination over another as the final resolution, comparing the two or more 
relative mass ratio vectors in the top-ranked cases, from ambiguous loci, to the similarly 
placed relative mass ratio vectors for other loci that were more confidently resolved, can 
be a valuable method to ascertain a resolution at troublesome loci. This is because 
relative mass ratios are expected to be conserved, more or less, across all loci, even after 
PCR amplification [1]. For instance, suppose that at four loci the error ratios between the 
two top-ranked gene matrices were all around one hundred, and the four relative mass 
ratio vectors were all close to [1 3 5]. Then, the large error ratios and consistency of 
relative mass ratio vector makes the resolution of these four loci confident. Now suppose 
that at a fifth locus, there are two genotype combinations that produce comparable fitting 
errors. Based just on the error ratio, one would not be able to select one genotype 
combination as the final resolution while rejecting the other. However, if one genotype 
combination yields a relative mass ratio vector of [ 1 1 20] and the other is close to [ 1 3 
5], then the choice becomes easy. The mass ratio of [1 1 20] is considered too 
inconsistent to be the applicable mass ratio. 
One of the primary assumptions made in both LSD-2 and LSD-3 is that mass 
ratios are more or less preserved across all loci in the mixture. While this is only true in 
64 
theory, it remains a good approximation in most mixtures, unless a severe degradation of 
other anomaly has occurred at some loci. This allows one to use the relative mass ratios 
to help to differentiate between two or more genotype combinations that give comparable 
fit to the allele peak area data. A three-dimensional plot to aid in the visualization of the 
consistency among all the relative mass ratios of the top-ranked cases across all loci, has 
been developed and is explained at a later section. 
3.7.1. Objective 
The purpose of this study is to formulate a method of analyzing the relative mass 
ratio vectors of top-ranked cases at the thirteen loci of a profile, and to study the effect of 
this information on the improvement of confidence of resolution at troubled loci. 
3.7.2. Formulation 
In all but the worst mixture imaginable, there will be some loci in which by error 
ratio alone it is possible to select the top-ranked genotype combination to be the final 
resolution for that locus, with a high degree of confidence. Two or three such loci are 
enough to establish a domain of high-confidence mass ratio cluster. This high­
confidence mass ratio cluster region can then be used to gauge the consistency of mass 
ratios of top-ranked cases at other loci where resolution is more ambiguous. 
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3. 7 .3. Implementation
Because of the apparent complexity in determining 'consistency' in mass ratio 
vectors, this method of analysis requires human review. Since this is done by hand, this 
analysis is considered subjective, based on an analyst's criteria for judging 'consistency'. 
During the first pass-through review of the mathematical results from LSD-3, loci 
at which resolution confidence is high are first identified and noted. Resolution at these 
loci are considered highly confident if the error ratio between the top two ranked 
genotype combination cases is in excess of twenty. A check is made to ensure that the 
relative mass ratio vectors of the top-ranked case of all such loci are similar. To date, 
through simulation, no loci have been found that have such an error ratio but whose 
relative mass ratio vector differs significantly from those of other high confidence loci. 
A second pass is then made through the mathematical results to look for loci that 
are not so easily resolved but not completely obfuscated either; termed the medium 
confidence loci. Two features distinguish such loci. First, two or more of the top five 
ranked genotype combinations have low relative error ratios, say, less than four. This 
means that at least two of the gene matrices fit the allele peak area data almost equally 
well, and there doesn't exist a clear best-fit. Second, only one of the relative mass ratio 
vectors in the top few ranked gene matrices is consistent with the high confidence cluster 
established by the high confidence loci. These medium confidence loci can be resolved 
by choosing the genotype combination case from the top five whose relative mass ratio 
vector i s m ost consistent t o  t hat o ft he h igh confidence c luster. In s ome c ases, s ome 
elements of the other relative mass ratio vectors are negative and these genotype 
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combinations are immediately automatically rejected. The confidence one has in the 
final resolution of such medium confidence loci, while subjective, is a function of how 
many top-ranked cases with low error ratios are present, how different the relative mass 
ratio vectors are from each other, and the degree to which one of the relative mass ratio 
vectors is consistent to that of members of the high confidence cluster. 
Finally, low confidence loci are those loci that among the top-ranked cases have 
low error ratios or multiple relative mass ratio vectors that are consistent with that of the 
high confidence cluster. These loci are currently considered impossible to be resolved 
with any degree of confidence by any of the methods described in this document. 
3. 7 .4. Simulation Protocols
Each cross locus mass ratio consistency simulation is confined to thirteen loci 
each having the same number of alleles in order to study the effectiveness as a function of 
alleles per locus. A mass ratio and peak imbalance level are chosen and used to generate 
a noisy signal at each locus. Each noisy signal is analyzed with LSD-3 and the results at 
each locus are printed to a text file. These mathematical results are then analyzed by 
hand according to the procedure described in Section 3.7.3. Once the most-likely 
genotype combination has been chosen at each locus, it is compared to the genotype 
combinations used to generate the simulation data in order to determine which loci were 
resolved correctly. 
67 
3. 7 .S. Analysis of Possible Graphical Patterns
A stem plot was used to help convey all the pertinent resolution data across 
thirteen loci in a compact concise manner. The error ratios of the three best fitting gene 
matrices at each locus is plotted as a function of the respective relative mass ratio; for a 
total of thirty-nine stems. The location of each stem on the xy-plane is given by the mass 
ratio of person 2 and person 3. The height of each stem, plotted on the z-axis, is the error 
ratio associated with that gene matrix. A sample stem plot is shown as Figure 3.9. 
The symbol used for each stem depends on where that stem ranked within LSD-
3 's results. Those gene matrices that ranked first are plotted with an open circle. Those 
gene matrices that ranked second are represented with an 'x' and those that ranked third 
with a closed triangle. Clusters with many open circles, corresponding to top-ranked 
gene matrices, are more likely to be correct than those with many 'x's and triangles. 
As was previously mentioned, all the correct resolutions are expected to have 
similar relative mass ratio vectors and small error ratios. The elements in the blue 
cluster, encircled with an oval, have shorter stems than those in the other clusters, and 
therefore smaller error ratios. All these features make the points in the b lue cluster a 
more 1 ikely c hoice for t he c orrect r esolution, a nd i n  fact, for t his s imulation, t he b lue 
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Figure 3.9: Representative stem plot from the cross-loci consistency study 
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3.8. Summary 
This chapter presented a simple extension of LSD-2 to LSD-3 as well as the 
difficulties expected to be encountered when attempting to resolve three-person mixtures 
of STR/DNA. The representation of three-person genotype combinations as gene 
matrices w as d iscussed. C haracteristics o ft he gene matrices a nd t heir c olumn s paces 
were presented in five subsections, one for each of the six, five, four, three, a nd two­
allele gene matrices. The design of three studies intended to investigate the sensitivity of 
resolution of these genotype combinations to relative mass ratios as a function of 
heterozygous peak imbalance was also presented. These studies were the single-locus 
sensitivity study, the locus concatenation study, and the relative mass ratio consistency 
study. With the research problem well posed, the results of these studies and the meaning 
of their results are presented in Chapter four. 
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CHAPTER4 
RESULTS AND DISCUSSION 
This chapter presents the results obtained from carrying out the studies proposed 
and outlined in Chapter three. Section 4.1 presents the sensitivity of resolution of some 
select genotype combinations as a function of relative mass ratios and heterozygous peak 
imbalance. Section 4.2 documents the findings of the locus concatenation study. Section 
4.3 shows the much-improved effect on resolution of including a reference profile 
through the elimination of a considerable number of genotype combinations. Section 4.4 
presents the results of the relative mass ratio consistency study in aiding in the final 
determination of genotypes of contributors to the mixture. Finally, Section 4.5 
summarizes the findings, and discusses the role of LSD-3 in forensic applications. 
4.1. Sensitivity Study of Genotype Resolution with Respect to Peak-Imbalance 
and Relative Mass Ratios 
Much insight into the workings and limitations of LSD-3 can be gained by 
investigating the response of each of the one hundred and forty nine gene matrices as a 
function of the relative mass ratios at different levels of heterozygous peak imbalance. 
Recall that the mass contributions of the three c ontributors are r epresented as a single 
value; this value is the ratio of the highest mass contribution to the lowest mass 
contribution i n  t he m ixture. T he m iddle mass contribution i s fifty-five p ercent of t  he 
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difference between the first and third mass contributions as measured from the lowest 
mass contribution. Note that results presented in this document are applicable to relative 
mass ratio of this type of combination. Results for other types of mass portion mix may 
or may not be the same, or would be subject of new studies. Four different aspects of 
resolution are considered in this section. In success/failure plots, the true genotype 
combination must rank first in LSD-J's results for the resolution to be considered 
successful. These plots give an initial indication as to how sensitive a particular genotype 
combination is to heterozygous peak imbalance as a function of mass ratios. In soft 
success/failure plots, this requirement is relaxed so that the true genotype combination 
only needs to rank among the top three LSD-3 ranked results. These plots are useful in 
examining the sensitivity of resolution of those genotype combinations that do not have 
unique column spaces. In rank plots, the average ranking of the true genotype 
combination among the set of LSD-3 simulations is plotted. Like the soft success/failure 
plots, these rank plots are useful in examining those genotype combinations that do not 
have unique column spaces. Finally, in error ratio plots, the error ratio of each possible 
genotype combination for a locus is plotted against that of mass two and mass three to 
reveal presence of a consistent mass ratio cluster. 
4.1.1. Success/Failure Plots 
The fifteen six-allele genotype combinations all remam robust to changing 
relative mass ratios as a function of heterozygous peak imbalance. This is because the 
corresponding gene matrices all have unique full-rank column spaces and the fifteen gene 
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matrices all have the same condition number, so they respond comparably to signal 
perturbations. The sensitivity of resolution of a typical six-allele locus is shown in Figure 
4.1. The y-axis represents the frequency that the true genotype combination ranked first 
in LSD-3 ranked results out of five thousand independent simulations with randomly 
generated peak data perturbations up to a certain level. The x-axis is the mass ratio 
number used to denote the heaviest mass contributor in the mixture. All sixteen curves 
exhibit relatively low sensitivity to peak imbalance above mass ratios of eight, even up to 
a noise level of twenty nine percent. Below a mass ratio of eight, frequency of resolution 
success falls off sharply to a value of about 0.1 at the lowest mass ratio of 1.03. At a 
mass ratio of 2 and peak imbalance less than nine percent, resolution success is still close 
to one hundred percent. Compared to loci with fewer alleles present, six-allele loci 
exhibit remarkable insensitivity to signal perturbations. Because of their insensitivity to 
signal perturbations, the resolution of six-allele loci is considered highly confident. 
However, from probability distribution study conducted by the Laboratory for 
Information Technologies (unpublished result), it has been shown that among a typical 
thirteen-locus mixture profile of three unrelated contributors, the average number of loci 
with six alleles is only 0.3, thus leaving 12.7 loci with fewer alleles per locus. When a 
six-allele locus is present in a three-person mixture, it is very valuable in that the relative 
mass ratio of the top-ranked resolution _case from LSD-3 should be regarded as the most 
trustworthy. 
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Figure 4.1: Sensitivity of the genotype resolution of a typical six-allele locus of a 
three person mixture as a function of relative mass ratios and parameterized by 
heterozygous peak imbalance; the legend entries indicate percentage of uniformly 
distributed noise addition; the matrix beneath the legend is the true genotype 
combination being studied 
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The stability results shown in Figure 4.1 are independent of the permutation of the 
columns of the gene matrix. The columns are by convention arranged in order of 
ascending mass contribution from left to right. Permuting the columns of the gene matrix 
before generating clean allele peak area data are mathematically identical to permuting 
the mass contributions of the three contributors. In the case of six-allele genotype 
combinations i n  w hich t he m iddle c ontributor's DNA m ass i s a pproximately h alfway 
between those of the other two, the only factor that affects sensitivity of resolution is the 
relative mass ratio vector of the three contributors. What this really means is that it does 
not matter which genotype contributes what portion of DNA to the mixture. 
There a re s ix d ifferent z ygosity arrangements p ossible w ith five-allele 1 oci, t he 
three homozygous arrangements are; person one is homozygous, or person two is 
homozygous, or person three is homozygous and the other two contributors are both 
heterozygous without any common alleles between them. The three heterozygous 
arrangements are; persons one and two share a common allele (one-two share), persons 
one and three share a common allele ( one-three share), and persons two and three share a 
common allele (two-three share). Because the leftmost column corresponds to a mass 
ratio of one, and the rightmost column is to be weighted by the largest relative mass ratio, 
the permutation of the columns of five-allele loci can have an effect on the resolution 
depending on the allele sharing pattern. The forty-five five-allele genotype combinations 
all have gene matrices with unique column spaces, so that the factors that affect the 
stability of their resolution are the relative mass ratios applicable to that genotype 
combination and the peak imbalance experienced by the forensic sample at that locus. 
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Although the six-allele genotype combinations also have unique column spaces, the 
ordering of their columns does not affect the stability of resolution because all the 
columns in six-allele genotype combinations are similar, in that they are all heterozygous. 
A representative success/failure plot of each of these six allele sharing arrangements is 
presented in Figure 4.2 through Figure 4.4. 
The least sensitive sharing arrangement is that when person three is homozygous. 
A s uccess/failure p lot o ft his a rrangement i s  s hown i n  Figure 4.2. T he same t rend i s  
observed in this sharing arrangement as in all six-allele genotype combinations; 
decreasing relative mass ratios have little effect on resolution success until they decrease 
to below about eight. When mass ratios fall toward 1.03, resolution success falls off 
sharply ending up at a value of about 0.1 at a relative mass ratio of 1.03. As is the case 
with all gene matrices, and as expected, increasing peak imbalance results in decreased 
frequency of resolution success. The relative impact of peak imbalance on resolution can 
be seen in the spacing between the curves in the figures. If a genotype combination is 
very sensitive to heterozygous peak imbalance, there will be wide gaps between 
subsequent imbalance levels representing large changes m resolution success. 
Conversely, if a genotype combination is insensitive to heterozygous peak imbalance, 
these lines will be close together indicating that an increase in peak imbalance had a 
minimal effect on resolution success. Although it isn't obvious, the genotype 
combination for Figure 4.2 is less sensitive to heterozygous peak imbalance than the 
genotype combination for Figure 4.1. This can be concluded by observing the spacing of 
subsequent peak imbalance traces. 
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Figure 4.2: The least sensitive resolution of a five-allele genotype combination is one 
in which person three is homozygous 
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Figure 4.3: Sensitivity of the resolution of a five-allele genotype combination in 
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Figure 4.4: Sensitivity of the resolution of a five-allele genotype combination in 
which person one is homozygous 
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Figure 4.2 through Figure 4. 7 show the sensitivity of resolution of these six 
sharing arrangements to heterozygous peak imbalance as a function of relative mass ratio 
vectors. For the first sharing arrangement in which one of the three contributors is 
homozygous, fifteen five-allele genotype combinations are possible. The stability of 
resolution of these fifteen gene matrices is determined only by which person is 
homozygous. If the homozygote is the highest mass contributor (person three), the 
stability of resolution will be similar to that shown in Figure 4.2. If the homozygote is 
the middle mass contributor, the stability of resolution will look similar to that shown in 
Figure 4.3. The frequency of resolution success is depressed in Figure 4.4 because the 
homo zygote is the first contributor. When the highest mass contributor was homozygous, 
there was a large difference between the allele peak areas. For instance, at a mass ratio 
number of eight, the clean allele peak area data would be [1 1 4.95 4.95 16]. The true 
genotype combination will rank first in the LSD-3 ranked results as long as the first two 
peaks are smaller than the next two peaks that in tum are both smaller than the last peak. 
A large noise addition would be required to cause such a scenario. However, when 
person two is homozygous, the clean allele peak area data would be [1 1 9.9 8 8]. In this 
case, any noise addition that causes the third peak to become smaller than the last two 
peaks will result in an incorrect resolution. Because the noise addition required to 
achieve this is far more modest than the noise addition required to change the assignment 
of alleles in the case of person three being homozygous, this allele arrangement is more 
sensitive to relative mass ratios and heterozygous peak imbalance. Finally, if the 
homozygote is the lowest mass contributor, the stability of resolution will resemble that 
shown in Figure 4.4, because it doesn't take much perturbation to have the peak area 
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Figure 4.5: Sensitivity of the resolution of a five-allele genotype combination in 
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Figure 4.6: Sensitivity of the resolution of a five-allele genotype combination in 
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Figure 4. 7: Sensitivity of the resolution of a five-allele genotype combination in 
which person one and person two share a common allele 
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corresponding to the homozygous alleles to be paired with another allele to belong to one 
person. 
Similarly, there are thirty five-allele genotype combinations in which all three 
contributors are heterozygous and two people share one allele. The stability of resolution 
of these gene matrices is highly dependent upon which two contributors are the ones who 
share an allele. If person two and person three share the allele, the stability of resolution 
will appear similar to that shown in Figure 4.5. If person one and person three share an 
allele, the stability of resolution will look something like that shown in Figure 4.6. 
Finally, person one and person two share an allele, the stability of resolution will look 
like that shown in Figure 4. 7, none of which is considered reliable enough to render 
confident resolution. 
The stability of a four-allele locus is more difficult to classify because thirty-six 
of the fifty-two genotype combinations do not have unique column spaces. The sixteen 
genotype combinations that do have unique column spaces do conform to a pattern. 
These sixteen four-allele genotype combinations exhibit four different sharing 
arrangements; persons one and two are heterozygous and share a common allele and 
person three is homozygous as in 
1 1 0 
1 0 0 
0 1 0 
0 0 2 
persons one, two, and three are heterozygous and all share a common allele as in 
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1 1 1 
1 0 0 
0 1 0 
0 0 1 
persons t wo a nd t hree a re h eterozygous a nd share a c ommon a Hele a nd person o ne i s  
homozygous as in 
0 1 1 
0 1 0 
2 0 0 
0 0 1 
and persons one and three are heterozygous and share a common allele and person two is 
homozygous as in 
1 0 1 
1 0 0 
0 2 0 
0 0 1 
The stability of resolution of these four sharing arrangements is shown in Figure 4.8 
through Figure 4.11 respectively. While none of these four scenarios is as robust to 
signal perturbations as are the six-allele loci, they are markedly more stable than are 
those four-allele genotype combinations with non-unique column spaces (not shown). 
Sensitivity studies of the three-allele loci were not carried out because the 
corresponding least square problem solution involving these three-allele genotype 
combinations are exactly determined, or have infinite number of least-square solutions, 
depending on the rank of the respective gene matrix. This implies that all possible 
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Figure 4.8: Sensitivity of the resolution of a four-allele genotype combination to 
relative mass ratios as a function of heterozygous peak imbalance in which person 
one and person two contribute a common allele and person three is homozygous 
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Figure 4.9: Sensitivity of the resolution of a four-allele genotype combination to 
relative mass ratios as a function of heterozygous peak imbalance in which person 
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Figure 4.10: Sensitivity of the resolution of a four-allele genotype combination to 
relative mass ratios as a function of heterozygous peak imbalance in which person 
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Figure 4.11: Sensitivity of the resolution of a four-allele genotype combination to 
relative mass ratios as a function of heterozygous peak imbalance in which person 
one and person three contribute a common allele and person two is homozygous 
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genotype combinations would either fit exactly to any arbitrary allele peak area vector 
and produce no fitting error (rank three gene matrices), or there would exist an infinite set 
of solutions; all with the same fitting error (rank two gene matrices) which although 
mathematically plausible, is infeasible for resolution purposes. 
Sensitivity studies of the two-allele loci were not carried out for two reasons. 
First, matrices associated with these genotype combinations are underdetermined with 
more unknowns than equations. This implies an infinite number of solutions that will all 
produce the same fitting error to any arbitrary allele peak area vector. Secondly, these 
two-allele loci represent only 1.1 of the thirteen loci in the mixture. Positive human 
identification i s currently possible w ith s ix o r  s even 1 oci a nd o ne n eed not r esolve a 11 
thirteen loci to achieve the desired result. Therefore, these two-allele genotype 
combinations may be ignored without consequence. 
The success/failure plots yielded an initial indication of which genotype 
combinations had a relatively low sensitivity to relative mass ratios and heterozygous 
peak imbalance and which had a high sensitivity to these signal perturbations. As will be 
seen in subsequent sections, this information will be brought in to provide insight into 
some of the behaviors exhibited in other studies. 
4.1.2. Soft Success/Failure Plots 
Because many of the four-allele genotype combination gene matrices have 
intersecting or common column spaces, one cannot be confident that the true genotype 
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combination will necessarily be the top-ranked genotype combination in LSD-3's 
mathematical results. Except for the sixteen four-allele genotype combinations with 
unique column spaces, there will always be at least one other genotype combination that 
produces the same fitting error to the same allele peak area data and the true genotype 
combination will not always happen to be the one listed prior to the others with common 
column s pace, t herefore r esulting i n  a t op-ranking p osition. However, these genotype 
combinations with common column spaces are expected to rank consecutively within 
LSD-3 's mathematical results. The differential ranking may also be imparted by 
computer round-off error. As a result, even in the presence of a low level of signal 
perturbations, the true genotype combination may end up being ranked lower than that 
nominally ranked first. 
In order to further investigate this phenomenon, rather than requiring the true 
genotype combination to rank first in LSD-3's results, a soft success/failure analysis 
relaxes this requirement to requiring the true genotype combination to only rank among 
the top three genotype combination cases. The effect of relaxing the requirement for a 
successful resolution is apparent in comparing res:ults shown in Figure 4.12 to that shown 
in Figure 4.13. Figure 4.12 shows the stability of resolution of a four-allele genotype 
combination that has the same column space as two other four-allele genotype 
combinations. The frequency of resolution success does not significantly exceed 0.5 
regardless of how little peak imbalance is present at any of the relative mass ratios. The 
true genotype combination is frequently not ranked first because it has a nominally 
slightly higher fitting error due to computer round-off errors introduced during the 
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Figure 4.12: Success/failure plot of the resolution of a four-allele genotype 
combination that does not have a unique column space 
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Figure 4.13: Soft success/failure plot of the resolution of a four-allele genotype 
combination that does not have a unique column space 
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implementation of LSD-3. In fact, the top three ranking genotype combinations differ in 
fitting error by only about 1.0e-16• When a computer ranks these nearly identical fitting 
errors, there is always one that is smaller than the others even though this difference is an 
artifact and not mathematically significant. In Figure 4.13, the frequency of successful 
resolution is significantly improved over that in Figure 4.12 when the criteria of success 
has been relaxed by checking if the true genotype combination is among the top-three 
ranked cases. 
Soft success/failure plots do illustrate the extreme sensitivity of resolution of four­
allele genotype combinations that do not have unique column spaces. However, another 
informative method of analysis is to instead track the average rank of the true genotype 
combination within the LSD-3 results, among the five thousand rounds of simulation runs 
for each relative mass portion combination at each noise level. Results of such analysis 
are presented in the next section. 
4.1.3. Average Ranking Plots 
As previously mentioned, multiple genot e combination gene matrices have 
identical column space. This makes it possible for the true genotype combination to rank 
second or worse because another g enotype c ombination fits an a llele peak area vector 
equally well but with a nominally smaller fitting error; due to computer round-off error 
effect. In order to capture how pronounced this effect is, average ranking plots were 
prepared for each genotype combination. Figure 4.14 shows a representative ranking plot 
of a four-allele gene matrix that does not have a unique column space. This average rank 
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Figure 4.14: Average ranking plot of the resolution of a four-allele genotype 
combination; the gene matrix representing the true genotype combination does not 
have a unique column space among all the four-allele gene matrices 
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is computed by averaging the ranking of the true genotype combination in the five 
thousand simulations conducted at any one relative mass ratio number and peak 
imbalance level. When up to even one percent heterozygous peak imbalance is added, 
the average rank is 1.5, indicating that in roughly half of resolutions another genotype 
combination ranks first and this genotype combination cases ranked second. This result 
is consistent with Figure 4.12. Additional information is offered in Figure 4.14 that 
cannot be extracted from Figure 4.12 or Figure 4.13. For instance, in Figure 4.12 at mass 
ratios close to one the frequency of resolution success for all traces converges to about 
0.12. It is unknown how the true genotype combination ranks in the eighty-eight percent 
of the time that it does n ot rank first. I f  the true g enotype combination never ranked 
lower than second or third, a confident resolution might still be possible if the relative 
mass ratios of the top three ranked genotype combinations were different enough from 
one another, and the one with a mass ratio more consistent to that from other loci at 
which resolution is confident can be potentially identified to be the correct one. If 
however, the true genotype combination ranked worse than, say, sixth, a confident 
resolution would probably not be possible. Further, in Figure 4.14, at relative mass ratios 
of three and heterozygous peak imbalance greater than nine percent the average rank of 
the true genotype combination is greater than four. Figure 4.14 seems to indicate that the 
only t ime a c onfident r esolution o f t  his p articular genotype combination is p ossible i s 
when the highest relative mass ratios are greater than about eight, in which case the true 
genotype combination does not rank lower than second or third. 
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This type of average ranking plot offers a different perspective as to the 
confidence of resolution of a particular genotype combination. It is now understood that 
some genotype combinations appeared sensitive to relative mass ratios and heterozygous 
peak imbalance only because there exist other genotype combinations that share the same 
column space, therefore producing equivalent fit. In this case, the genotype combination 
under study would seldom rank lower than two or three on average. Conversely, some 
genotype combinations are very sensitive to relative mass ratios and heterozygous peak 
imbalance and their average ranking would exceed six. This understanding prompted the 
investigation of the distribution of actual fitting errors present at some select loci, whose 
results are presented in the next section. 
4.1.4. Error Ratio Plots 
Error ratio plots provide another and more definitive illustration of the sensitivity 
behaviors described up to this point. For each locus, the plot shows the error ratio of all 
the possible genotype combinations fitted to the same allele peak a rea data. An error 
ratio plot for the same four-allele genotype combination as that in Figure 4.12 through 
Figure 4.14 is shown in Figure 4.15. Note that the first three bars have an error ratio of 
one. This indicates that they all have the same smallest fitting error to the allele peak 
area data being fitted. This result is consistent with the claim that there exist sets of two 
to four genotype combinations whose members within each set all have the same column 
space and would therefore produce nominally identical fitting error to the same allele 
peak area data. Similarly, the genotype combinations that ranked seventeenth through 
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Figure 4.15: Error ratios of all possible genotype combinations for the resolution of 
a four-allele locus, note that a relative mass ratio vector of [1 3 5] and heterozygous 
peak imbalance of seven percent were used to simulate the observed allele peak area 
data. 
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twentieth all have the same error ratio. These four gene matrices comprise one of the 
quadruplets whose members all share the same column space. In fact, a close inspection 
of the values of fitting errors confirms exactly the column-space sharing pattern described 
in Figure 3 .2, i.e. there are six triplets, four quadruplets, and three twins whose members 
within each grouping share the same column space. The fact that the best three fitting 
genotype combinations all have the same fitting errors explains the result obtained in 
Figure 4.12. 
These four types of plots offer significant insight into the sensitivity of the 
different genotype combinations to relative mass ratios as a function of heterozygous 
peak imbalance. All four types of plots support that the resolution of six-allele loci is 
confident on its own while the resolution of loci with five or fewer alleles per locus is 
not. With the sensitivity of genotype combinations well understood, work was then 
begun on evaluating the merit of enhancement procedures to basic LSD-3 intended to add 
confidence to the resolution of the non six-allele loci. 
4.2. Effect of Locus Concatenation 
From the sensitivity study, it appears that the only genotype combinations that are 
relatively insensitive to relative mass ratios as a function of heterozygous peak imbalance 
are the six-allele loci and some select five-allele loci. Since one would not know, a
priori, if the five-allele locus being resolved is one of the robust genotype combinations, 
one cannot have high confidence in the resultant resolution. Therefore, the only type of 
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locus in a three person mixture that are stable enough to yield high-confidence 
resolutions are the six-allele loci. Since on average only 0.3 loci out of a thirteen locus 
mixture profile has six alleles, additional processing consideration is needed for non-six­
allele loci to make them less sensitive to signal perturbations, in order to also support 
high-confidence resolutions. To this end, locus concatenation was considered. 
It was hoped that the difference between the relative goodness of fit of the top­
ranked genotype combinations at a locus can be increased by concatenating two loci 
together, and be processed as one unit by LSD-3. The concatenated gene matrix will be 
of higher dimension, with much more rows than columns, than is either of the original 
loci, which may make it less sensitive to heterozygous peak imbalance and other signal 
perturbations. In the example shown in Figure 4.16, a stable five-allele locus and a four­
allele locus were concatenated yielding a nine-by-three gene matrix. For reference, 
Figure 4.16.a shows the stability of resolution of the five-allele locus by itself, which in 
this case is the robust locus in the concatenation. It is somewhat insensitive to 
heterozygous peak imbalance as a function of the relative mass ratio at low level of 
heterozygous peak imbalance. Figure 4.16.b shows the much less stable four-allele locus 
in that it is more sensitive to heterozygous peak imbalance. Figure 4.16.c shows the 
stability result of the resolution of the concatenated nine-allele locus. Concatenation 
improved resolution stability at relative mass ratio numbers less than about eight when 
compared to that of either the five-allele or the four-allele locus alone. However, at 
relative mass ratio numbers greater than eight, locus concatenation worsens the stability 
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Figure 4.16: Best-case success/failure plot showing the effect of locus concatenation 
between a five-allele locus and a four-allele locus, note that a) is the success/failure 
plot of the more stable locus by itself, b) is the success/failure plot of the unstable 
locus by itself, and c) is the success/failure plot of the concatenated gene matrix. 
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Although Figure 4.16 shows that locus concatenation improves stability over 
some relative mass ratio interval, this is not a typical result. In the hundreds of such plots 
studied involving concatenation of various allele lengths, only tens exhibited similar 
improvement over a limited relative mass ratio interval. In the vast majority of the cases, 
no significant improvement is realized through locus concatenation. Figure 4.17 and 
Figure 4.18 show the typical effect of locus concatenation on resolution stability. In 
Figure 4.17, one can see that at low relative mass ratios the concatenated locus was much 
more sensitive to relative mass ratio vectors and heterozygous peak imbalance than either 
of the original loci. In Figure 4.18, the frequency of resolution success of the 
concatenated was reduced to zero under all conditions. Since locus concatenation 
produces such mixed and unpredictable results, this line of research shows no promise for 
improving the stability of the resolution of a three-person mixture of STR DNA and was 
not pursued further. 
4.3. Effect of Incorporating a Reference Profile 
Since concatenation proved to be rather useless, another enhancement to LSD-3 
was investigated: that of incorporating a known profile in the formulation of gene 
matrices. It is postulated that reference profile inclusion will eliminate many genotype 
combinations from consideration. It was hoped that some of these eliminated genotype 
combinations would produce fitting errors similar to that produced by the true genotype 
combination, thus obscuring the identification of the true genotype combination. If this 
were the case, then not fitting these near matches would increase the error ratio of the 
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Figure 4.17: Representative success/failure plot showing the effect of locus 
concatenation between a five-allele locus and a four-allele locus, note that a) is the 
success/failure plot of the more stable locus by itself, b) is the success/failure plot of 
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Figure 4.18: Representative success/failure plot showing the effect of locus 
concatenation between a five-allele locus and a four-allele locus, note that a) is the 
success/failure plot of the more stable locus by itself, b) is the success/failure plot of 
the unstable locus by itself, and c) is the success/failure plot of the concatenated gene 
matrix. 
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next-best-fit genotype combination following the true genotype combination, thus leading 
to a more confident resolution. 
4.3.1. Reduction in the Number of Candidate Gene Matrices 
The reduction in the number of candidate gene matrices is a function of the 
number of alleles present at a locus and the number of alleles that the reference profile 
contributes to the mixture. The reduction in gene matrices for each scenario is shown in 
Table 4.1. The most pronounced reduction occurs at a five-allele locus, from forty-five 
to three, when the reference profile is homozygous. This reduction is systematically 
illustrated in Figure 4.19. The first column of the gene matrix is fixed at [2 0 0 0 O] 
indicating a homozygous state for person one. The remaining two contributors must 
provide the other four alleles; therefore, each of the remaining two contributors must be 
heterozygous at this locus. There are six different arrangements of these four alleles 
between the remaining two contributors. These six arrangements only produce three 
unique combinations, the other three being column permutations of the first three. These 
three gene matrices are in fact the only five-allele gene matrices that are possible when 
the reference profile is homozygous. The same method of enumeration, comparison, and 
elimination employed in Figure 4.19 was used to generate all the values found in Table 
4.1. 
Figure 4.20 through .. Figure 4.23 show the effect of incorporating both 
homozygous and heterozygous reference profiles into six, five, and four-allele loci. For a 
six-allele locus, the increase in stability of resolution is minimal, as shown in Figure 4.20. 
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Table 4.1: Reduction in the number of candidate gene matrices offered by 
incorporating a reference profile as a function of the number of alleles present at a 
locus and the number of alleles present in the reference profile 
Number of Candidate Gene Matrices 
Alleles/locus 6 s 4 3 2 1 
No inclusion of a reference profile 15 45 52 29 8 1 
Included reference profile is homozygous --- 3 9 10 5 1 
Included reference profile is heterozygous 3 12 19 15 6 ---
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If person one is homozygous at allele 
one, that person may not contribute 
any other alleles. 
There can only be one homozygous 
allele; therefore neither person two nor 
person three may contribute allele 
Distribute person two's two alleles in 
as many unique ways as are possible. 
There are four choose two ways to do 
so. 
4C= 4! = 24 =6
2 2!*(4-2)! 4 
In order to cover all five alleles, 
person three must contribute the 
remaining two alleles. 
Column permutations cannot produce 
new gene matrices. Note that the left 
three last gene matrices differ from 
right three only in the arrangement of 
their columns. 
The remaining three gene matrices are 
unique. These are the only three gene 
matrices possible when person one is 
homozygous. 
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Figure 4.19: Method for reducing the candidate genotype combinations from all 
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Figure 4.20: Effect of incorporating a heterozygous reference profile (1 1 0 0 0 O] on 
the stability of the resolution of a six-allele locus; note that the top figure is the 
success/failure plot of the control case without the reference profile included and the 
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Figure 4.21: Effect of incorporating a homozygous reference profile [2 0 0 0 O] on 
the stability of the resolution of a five-allele locus; note that the top figure is the 
success/failure plot of the control case without the reference profile included and the 
bottom figure is the success/failure plot with the reference profile included. 
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Figure 4.22: Effect of incorporating a heterozygous reference profile [ 0 1 1 0 0) on 
the stability of the resolution of a five-allele locus; note that the top figure is the 
success/failure plot of the control case without the reference profile included and the 
bottom figure is the success/failure plot with the reference profile included 
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Figure 4.23: Effect of incorporating a homozygous reference profile [2 0 0 O] on the 
stability of the resolution of a four-allele locus; note that the top figure is the 
success/failure plot of the control case without the reference profile included and the 
bottom figure is the success/failure plot with the reference profile included; the true 
genotype combination does not have a unique column space 
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More importantly, the stability of the resolution shown in Figure 4.21 is significantly 
improved. This allows one to have high confidence in the resolution of five-allele loci if 
the reference profile is homozygous. 
Figure 4.22 show the effect of incorporating a heterozygous reference profile on 
the stability of the resolution of a five-allele locus. Results show that no significant 
improvement is evident. This is partly due to the fact that the candidate genotype 
combinations are only reduced to twelve, and partly because the true genotype 
combination does not have a unique column space. 
The effect on the stability of resolution of incorporating a homozygous reference 
profile in a four-allele locus is fairly dramatic also, as shown in Figure 4.23. The number 
of candidate genotype combinations is reduced to nine, and over about fifty percent of the 
time, the correct resolution was obtained at all levels of peak imbalance compared to less 
than five percent in the control case. 
The effect of incorporating a heterozygous reference profile in a four-allele locus 
is shown in Figure 4.24. The improvement in the stability of resolution in this case is 
marginal at best. There are nineteen candidate genotype combinations left in the case of 
the heterozygous reference profile and they include non-unique gene matrices when the 
reference genotype is considered as part of the overall gene matrix. Inclusion of a 
reference profile does not increase the confidence of subsequent resolution. 
Success/failure plots were made using a reduced set of genotype combinations for 
fitting t o  t he a Hele p eak a rea d ata i n  o rder t o  i nvestigate t he e ffect o f i ncorporating a 
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Figure 4.24: Effect of incorporating a heterozygous reference profile [l 1 0 O] on the 
stability of the resolution of a four-allele locus; note that the top figure is the 
success/failure plot of the control case without the reference profile included and the 
bottom figure is the success/failure plot with the reference profile included; the true 
genotype combination does not have a unique column space 
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mass ratio space was not possible, the region of this space that was explored (in which 
the middle mass contributor's mass is fixed approximately fifty-five percent of the 
distance between that of person one and person three as measured from person one) 
produced positive results. In some situations, little or no improvement in resolution 
stability was realized while in other situations a marked improvement was realized. 
Furthermore, no evidence was found to indicate that using a reference profile would 
produce a detrimental effect anywhere in this mass ratio space. With this study 
completed, investigation was begun into the practice of identifying resolutions with 
consistent mass ratios of multiple loci to aid in the resolution at the more ambiguous loci. 
4.4. Relative Mass Ratio Consistency Study 
LSD-3 was intended to be a mathematical tool used to help forensic analysts in 
interpreting STR/DNA mixture data. Up to this point, LSD-3 has been analyzed with 
respect to the sensitivity of various genotype combinations as a function of relative mass 
ratios and peak imbalance. During this early exploration of LSD-3's sensitivity to such 
conditions, thousands of LSD-3 simulations were conducted. It would clearly have been 
impossible for one to manually analyze the mathematical results from even a fraction of 
these simulations. 
However, after the initial exploratory work was completed, manual analysis of 
some LSD-3's results was warranted, to see to what degree confidence of resolution can 
be made based on the LSD-3 result. The mass ratio consistency stem plot, as described in 
Chapter three, was used to aid in these hand analyses. While not all of the results 
114 
analyzed b y h and c an  b e p resented i n  t his w ork, a s election o ft hese r esults a nd t heir 
accompanying interpretation will be shown. The average distribution for the number of 
loci out of thirteen loci in a three-person mixture profile that contain either four, five, or 
six alleles per locus is 7 .5. It turned out that under most circumstances, over half of the 
loci of a thirteen loci mixture profile can unusually be resolved with some degree of 
confidence using LSD-3 and mass ratio consistency approach. 
4.4.1. Consistency Plots and Their Role in Interpreting LSD-3 Mathematical 
Results 
The m ixture d ata w hose a nalysis r esult i s s hown i n  Figure 4.25 was generated 
using a relative mass ratio vector of [1.0 3.3 5.0], and nine percent heterozygous peak 
imbalance on thirteen four-allele genotype combinations of various homozygous­
heterozygous mixing patterns. A reference profile was assumed at each locus and used to 
eliminate impossible genotype combinations. This reference profile at each locus was 
that of person one. Figure 4.25 plots the error ratios of the top three ranked genotype 
combinations for each of the thirteen loci after LSD-3 fitting as stems, as a function of 
relative mass ratio of person two and person three. The location of each stem on the xy­
plane is determined by the mass component of person two and person three of each 
ranked case, and the height of each stem is determined by the error ratio of that genotype 
combination case after LSD-3 processing. Figure 4.26 shows the same results as Figure 
4.25 but the symbols are changed to reflect which genotype combinations are the true 
genotype combinations at a locus and which are not. The raw mathematical results 
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Figure 4.25: Mass ratio consistency plot of the top three ranked genotype 
combination cases in a mixture of thirteen four-allele loci with a true relative mass 
ratio = [1.0 3.3 5.0] and 9% heterozygous peak imbalance 
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Figure 4.26: Mass ratio consistency plot of the top three ranked genotype 
combination cases in a mixture of thirteen four-allele loci with a true relative mass 
ratio = [1.0 3.3 5.0] and 9% heterozygous peak imbalance; where the circles denote 
the true genotype combination for all loci 
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presented in Figure 4.25 and Figure 4.26 are for the thirteen loci presented in Figure 4.27. 
For instance, in Figure 4.27 at the fifth locus, the third ranked genotype combination has 
a best-fit mass ratio vector of [1.0 4.3 4.5] and an error ratio of 11.94. This genotype 
combination is plotted in Figure 4.25 as a black stem with a black triangular leaf because 
it ranked third in the LSD-3 ranked results. The same data point is plotted as a red stem 
with a red x leaf in Figure 4.26 because this genotype combination case is not the true 
genotype combination at that locus. Consistency plots are very useful in interpreting 
LSD-3 's mathematical results because they graphically show the distribution of relative 
mass ratios of the top-ranked cases of all loci as well as their respective fitting errors. It 
is hoped that the true g enotype combination c ases will come from those that not only 
have r elatively l ow fitting e rrors, b ut a lso e xhibit 'consistent' r elative mass r atios, i .e. 
those who cluster together. 
The main importance of the consistency plots is to identify a cluster containing 
the majority of the top-ranked genotype combination cases from the thirteen loci. For 
instance in Figure 4.25, there is a cluster of twelve stems near [1.0 3.3 5.0] that all have 
an error ratio of one. This would seem to indicate that the true underlying relative mass 
ratio vector is close to [1.0 3.3 5.0]. All these stems have relative mass ratios close to 
each other, even though not all come from the top-ranked case of the respective locus. In 
fact, three are from the nominally second ranked case. 
When interpreting these stem plots, the first stems that can be eliminated from 
consideration are those extreme cases in which the error ratio is very high or one of the 
masses is negative or very high. Those stems that remain need to be evaluated for both 
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Locus 1 
Raw Data: 5.5432 3.1962 4.7823 5.2107 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------
------------------
[2 0 0 O; 1 1 0 0; 0 0 1 1] 1.000 2.724 4.258] 0.016 1.000 
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1. 734 1.000 3.127] 0.016 1.000 
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1.000 31. 348 24. 000] 0.060 3.702 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1.064 1.531 1.000] 0.060 3.702 
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1. 000 12.571 11.049] 0.076 4.702 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1.159 1. 758 1.000] 0.076 4.702 
[2 0 0 0; 0 1 0 1; 0 0 1 1] 1.219 1. 000 1. 698] 0.085 5.275 
[2 0 0 0; 0 1 1 0; 0 0 1 1] 1.394 1. 000 2.013] 0.112 6.908 
[2 0 0 0; 0 1 1 0; 0 1 0 1] 1.101 1. 000 1.170] 0.209 12.954 
Locus 2 
Raw Data: 5.2403 4.8312 3.5398 5.1756 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 O; 1 0 1 O; 0 1 0 1] 1.000 4.163 5.884] 0.013 1.000 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1. 480 2.827 1.000] 0.013 1.000 
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1. 000 159.855 129.275] 0.049 3.750 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1.013 1.617 1.000] 0.049 3.750 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1. 000 23.618 21. 303] 0.062 4.750 
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1.085 1.000 1.804] 0.062 4.750 
[2 0 0 0; 0 1 0 1; 0 0 1 1] 1.059 1.522 1.000] 0.098 7.577 
[2 0 0 0; 0 1 1 0; 0 1 0 1] 1.167 1.000 1. 729] 0.119 9.210 
[2 0 0 0; 0 1 1 0; 0 0 1 1] 1.000 1.021 1.153] 0.199 15.334 
Locus 3 
Raw Data: 5.5450 4.7900 5.1001 3.1053 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1.000 2.546 4.054] 0.012 1.000 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1.786 3.185 1.000] 0.012 1.000 
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1. 000 22.928 17.747] 0.064 5.432 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1.087 1. 548 1.000] 0.064 5.432 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1. 000 12.689 10.868] 0.076 6.432 
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1.158 1.000 1. 713] 0.076 6.432 
[2 0 0 0; 0 1 1 0; 0 0 1 1] 1.276 1. 775 1.000] 0.087 7.359 
[2 0 0 0; 0 1 1 0; 0 1 0 1] 1.410 2.014 1.000] 0.106 8.992 
[2 0 0 0; 0 1 0 1; 0 0 1 1] 1.097 1. 000 1.123] 0.211 17.863 
Locus 4 
Raw Data: 1.8747 6.8185 4.7462 5.2373 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1. 000 -2.758 -2.019] 0.019 1. 000
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1.000 3.637 5.325] 0.019 1.000
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1.000 -3.306 -4.198] 0.060 3.219 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1. 000 6. 431 2.532] 0.060 3.219 
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1.000 -3 .115 -3.439] 0.078 4.219 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1.000 6.169 2.794] 0.078 4.219 
[2 0 0 0; 0 1 1 0; 0 1 0 1] 1.000 3.938 4.462] 0.098 5.261 
[2 0 0 0; 0 1 0 1; 0 0 1 1] 1.000 5.024 2.813] 0.196 10.519 
[2 0 0 0; 0 1 1 0; 0 0 1 1] 1.000 4.675 2.988] 0.226 12.152 
Figure 4.27: LSD-3 mathematical results in a mixture of thirteen four-allele loci 
with a true relative mass ratio = [1.0 3.3 5.0] and 9% heterozygous peak imbalance, 
true genotype combinations are bolded 
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Locus 5 
Raw Data: 1. 8441 7. 9118 3.2134 5.0969 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 0 1 1 0; 0 1 0 1) 1.000 3.341 5.384) 0.013 1.000 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1.000 -2.608 -1. 370] 0.074 5.789 
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1.000 4.290 4. 506] 0.074 5.789 
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1. 000 -4.693 -9.500] 0.110 8.652 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1. 000 7.054 1. 743] 0.110 8.652 
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1. 000 -3.134 -3.420] 0.184 14.441 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1.000 6.033 2.764] 0.184 14. 441
[2 0 0 0; 0 1 0 1; 0 0 1 1] 1.000 6.401 1. 306] 0.193 15.129
[2 0 0 0; 0 1 1 0; 0 0 1 1] 1. 000 5.040 1. 987] 0.313 24.583
Locus 6 
Raw Data: 1. 9686 3.3690 8.1981 4.9243 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 0 1 1 0; 0 0 1 1) 1.000 3.390 4.971) 0.003 1.000 
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1. 000 -2.632 -1.331] 0.060 20.023 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1. 000 4.213 4.164] 0.060 20.023 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1.000 -4.812 -9.371] 0.125 42.146 
(2 0 0 0; 0 2 0 0; 0 0 1 1] 1.000 1. 711 6.666] 0.125 42.146 
(2 0 0 0; 1 0 0 1; 0 1 1 0] 1. 000 -3.332 -3.914] 0.185 62.169 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1.000 5.876 2.501] 0.185 62.169 
[2 0 0 0; 0 1 0 1; 0 0 1 1] 1.000 1.173 6. 079] 0.208 69.824 
[2 0 0 0; 0 1 1 0; 0 1 0 1] 1.000 5.026 1. 700] 0.305 102.521 
Locus 7 
Raw Data: 2.0777 3.5236 3.1588 9.1548 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1.000 -2.587 -0.944] 0.014 1.000 
[2 0 0 0; 0 1 1 0; 0 0 0 2) 1.000 3.216 4.406) 0.014 1.000 
[2 0 0 0; 0 1 0 1; 0 0 1 1] 1. 000 4.185 3.834] 0.080 5.533 
(2 0 0 0; 1 0 1 0; 0 1 0 1] 1. 000 -5.844 -11. 728] 0.222 15.434 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1. 000 6.102 1.520] 0.222 15.434 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1.000 -4.874 -8.516] 0.237 16.434 
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1.000 1. 696 5.927] 0.237 16.434 
[2 0 0 0; 0 1 1 0; 0 1 0 1] 4.540 1.000 27.206] 0.283 19.670 
[2 0 0 0; 0 1 1 0; 0 0 1 1] 2.965 1.000 17.070] 0.307 21.303 
Locus 8 
Raw Data: 2.0516 3. 4928 10.5015 3.2853 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1.000 -2.486 -0.802] 0.008 1. 000
[2 0 0 0; 0 1 0 1; 0 0 2 0) 1.000 3.304 5.119) 0.008 1.000
[2 0 0 0; 0 1 1 0; 0 0 1 1] 1. 000 4.615 4.413] 0.111 14.653 
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1. 000 -5.326 -11.343] 0.256 33.780 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1.000 6.821 1. 601] 0.256 33.780 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1.000 -4.847 -9.566] 0.264 34.780 
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1. 000 1. 702 6. 720] 0.264 34.780 
[2 0 0 0; 0 1 1 0; 0 1 0 1] -7.024 -48. 411 1.000] 0.307 40.510 
[2 0 0 0; 0 1 0 1; 0 0 1 1] -13.342 1.000 -90.160] 0.320 42.143 
Figure 4.27: continued 
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Locus 9 
Raw Data: 2.1236 3.1471 4.8830 8.9942 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
(2 0 0 0; 0 1 0 1; 0 0 1 1] 1.000 3.267 4.901] 0.029 1.000 
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1. 000 -2.618 -1.169] 0.064 2.205 
[2 0 0 0; 0 1 1 0; 0 0 0 2] 1. 000 3.781 4.235] 0.064 2.205 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1.000 -6.150 -13.558] 0.152 5.223 
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1. 000 1. 482 6.535] 0.152 5.223 
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1. 000 -3.539 -4.400] 0.216 7.428 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1. 000 5. 717 2.299] 0.216 7.428 
[2 0 0 0; 0 1 1 0; 0 0 1 1] 1. 459 1.000 9.035] 0.219 7.529 
[2 0 0 0; 0 1 1 0; 0 1 0 1] 1. 000 1. 230 5.102] 0.324 11.130 
Locus 10 
Raw Data: 4.2761 4.3255 4.5986 5 .1101 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 O; 0 0 2 0; 0 0 1 1] -16.819 1. 000 -19.984] 0.002 1. 000
[1 1 0 0; 0 0 2 0; 0 0 0 2] 1.870 1. 000 1.111] 0.002 1.000
[1 1 0 0; 0 0 1 1; 0 0 0 2] 16.819 17.984 1.000] 0.002 1.000
[1 1 0 0; 0 1 0 1; 0 0 1 l] 14.836 1.000 16.811] 0.013 6.608
[1 1 0 0; 1 0 1 0; 0 1 0 1] 1. 000 -8.516 -9.022] 0.013 6.608
[1 1 0 0; 1 0 1 0; 0 0 1 1] -15.836 1. 000 -17.811] 0.013 6.608
[1 1 0 0; 1 0 0 1; 0 0 1 1] 18 .119 1. 000 20.515] 0.015 8.022
[1 1 0 0; 1 0 0 1; 0 1 1 0] 1.000 -8.978 -8.560] 0.015 8.022
[1 1 0 0; 0 1 1 0; 0 0 1 1] -19.119 1. 000 -21.515] 0.015 8.022
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1.000 -174.990 -196.385] 0.020 10.345
[1 1 0 0; 0 2 0 0; 0 0 1 1] 172. 990 1. 000 196.385] 0.020 10.345
[1 1 0 0; 0 0 1 1; 0 0 1 1] 1. 772 1. 000 1.000] 0.020 10.393
(1 1 0 0; 1 1 0 0; 0 0 1 1] 1.000 1.000 2.257] 0.020 10.393
[1 1 0 0; 0 1 1 0; 0 0 0 2] 1.080 1.206 1.000] 0.143 75.134 
[1 1 0 0; 1 0 1 0; 0 0 0 2] 1.087 1.193 1.000] 0.147 76. 767 
[1 1 0 0; 0 1 0 1; 0 0 2 0] 1.126 1. 489 1.000] 0.160 83.581 
[1 1 0 0; 1 0 0 1; 0 0 2 0] 1.133 1. 474 1.000] 0.163 85.214 
[1 1 0 0; 0 1 1 0; 0 1 0 1] 1.000 1.173 1.448] 0. 264 138.158 
[1 1 0 0; 1 0 1 0; 1 0 0 1] 1.000 1.145 1. 416] 0.266 139.572 
Figure 4.27: continued 
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Locus 11 
Raw Data: 9.5765 1.0467 3.4043 4.8444 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 O; 1 0 1 O; 1 0 0 1) 1.000 3.111 4.400) 0.007 1.000 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 4.075 1. 000 3.940] 0.054 7.245 
[1 1 0 0; 0 2 0 0; 0 0 1 1] -2.245 1. 000 -0.967] 0.054 7.245 
[1 1 0 0; 1 0 0 1; 0 0 2 0] 1. 337 3.568 1.000] 0.113 15.138 
[1 1 0 0; 1 0 1 0; 0 0 0 2] 1.137 2.111 1.000] 0.157 21.054 
[1 1 0 0; 1 0 0 1; 0 1 1 0] 1. 000 5.573 1. 374] 0.188 25.220 
[1 1 0 0; 1 0 0 1; 0 0 1 1] 1. 728 3.055 1. 000] 0.188 25.220 
[1 1 0 0; 0 1 1 0; 0 0 1 1] -1.566 1.000 -1.327] 0.188 25.220 
[1 1 0 0; 1 0 1 0; 0 0 1 1] 1. 505 1.507 1.000] 0.264 35.466 
[1 1 0 0; 1 0 1 0; 0 1 0 1] 1. 000 4.967 1. 981] 0.264 35.466 
[1 1 0 0; 0 1 0 1; 0 0 1 1] -1. 998 1.000 -1.663] 0.264 35.466 
[1 1 0 0; 0 0 2 0; 0 0 1 1] -7.376 1.000 -6.728] 0.320 42. 911
[1 1 0 0; 0 0 2 0; 0 0 0 2] 3.121 1.000 1. 423] 0.320 42. 911
[1 1 0 0; 0 0 1 1; 0 0 0 2] 7.376 4. 728 1.000] 0.320 42. 911
[1 1 0 0; 1 1 0 0; 0 0 1 1] 1.000 1.000 1. 553] 0.324 43.519
[1 1 0 0; 0 0 1 1; 0 0 1 1] 2.576 1.000 1.000] 0.324 43.519
[1 1 0 0; 0 1 1 0; 0 0 0 2] -9.758 1.000 -4.222] 0.365 49.020
[1 1 0 0; 0 1 0 1; 0 0 2 0] 13.248 1.000 4.406] 0.409 54.936
[1 1 0 0; 0 1 1 0; 0 1 0 1] -6.809 1. 000 -0.822] 0.445 59.686
Locus 12 
Raw Data: 4. 674 9 6.0132 3.4885 4.9051 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 O; 1 0 1 O; 0 1 0 1) 1.000 3.058 4.258) 0.002 1.000 
[1 1 0 0; 1 0 1 0; 0 0 1 1] -4.380 1. 000 -3.547] 0.002 1. 000
[1 1 0 0; 0 1 0 1; 0 0 1 1] 3.380 1.000 2.547] 0.002 1.000
[1 1 0 0; 0 0 2 0; 0 0 1 1] -7.545 1.000 -6.925] 0.050 24. 211 
[1 1 0 0; 0 0 2 0; 0 0 0 2] 3.064 1.000 1.406] 0.050 24. 211 
[1 1 0 0; 0 0 1 1; 0 0 0 2] 7.545 4.925 1.000] 0.050 24. 211 
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1. 000 -8.986 -6.271] 0.052 25.625 
[1 1 0 0; 0 2 0 0; 0 0 1 1] 6.986 1.000 6.271] 0.052 25.625 
[1 1 0 0; 0 1 1 0; 0 0 0 2] 1. 614 1.130 1.000] 0.065 31. 758
[1 1 0 0; 1 0 0 1; 0 0 1 1] 136. 214 1.000 106.865] 0.072 35.239
[1 1 0 0; 1 0 0 1; 0 1 1 0] [ 1.000 3.675 3. 641] 0.072 35.239
[1 1 0 0; 0 1 1 0; 0 0 1 1] [-137.214 1. 000 -107.865] 0.072 35.239
[1 1 0 0; 1 1 0 0; 0 0 1 1] [ 1.000 1. 000 1. 571] 0.072 35.253
[1 1 0 0; 0 0 1 1; 0 0 1 1] [ 2.547 1.000 1.000] 0.072 35.253
[1 1 0 0; 0 1 0 1; 0 0 2 0] [ 1.999 2.131 1.000] 0.108 52.680
[1 1 0 0; 1 0 1 0; 0 0 0 2] [ 2.343 1. 000 1. 305] 0.146 71. 294
[1 1 0 0; 0 1 1 0; 0 1 0 1] [ 1.688 1.000 1. 821] 0.185 90.245
[1 1 0 0; 1 0 0 1; 0 0 2 0] [ 2.254 1. 619 1.000] 0.189 92.216
[1 1 0 0; 1 0 1 0; 1 0 0 1] [ 3.392 1.000 2.342] 0.255 124.484
Figure 4.27: continued 
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Locus 13
Raw Data: 4.2860 1.0401 8.4184 4.7502 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 O; 1 0 1 O; 0 0 1 1) 1.000 3.,699 5 .196) 0.011 1.000 
[1 1 0 0; 1 0 1 0; 0 1 0 lJ 1.000 -2.120 -1.238J 0.011 1. 000
[1 1 0 0; 0 1 0 1; 0 0 1 lJ -1.270 1. 000 -2.405J 0.011 1. 000
[1 1 0 0; 1 0 0 1; 0 _Q 2 OJ 1.000 7.888 7. 814J 0.047 4 .113
[1 1 0 0; 0 0 2 O; 0 0 1 lJ 1.452 1.00Q 2.590J 0.124 10.870 
[1 1 0 0; 0 0 2 0; 0 0 0 2J 1.121 1. 772 1.000J 0.124 10.870 
[1 1 0 0; 0 0 1 1; 0 0 0 2J -1. 452 -4.590 1.000J 0.124 10.870 
[2 0 0 0; 1 1 0 0; 0 0 1 lJ 1.560 1. 000 6.330J 0.140 12.284 
[1 1 0 0; 0 2 0 0; 0 0 1 1) -2. 641 1.000 -4.057J 0.140 12.284 
[1 1 0 0; 1 0 1 O; 0 0 0 2J 1.000 -9.786 -3.472J 0.161 14.143 
[1 1 0 0; 0 1 1 0; 0 0 1 lJ 12 .112 1. 000 30.683J 0.187 16. 372 
[1 1 0 0; 1 0 0 1; 0 1 1 OJ 1. 000 -1.652 -1. 706) 0.187 16.372 
[1 1 0 0; 1 0 0 1; 0 0 1 1) -13 .112 1.000 -31.683) 0.187 16.372 
[1 1 0 0; 1 1 0 0; 0 0 1 1) 1. 000 1.000 4.945J 0.187 16.403 
[1 1 0 0; 0 0 1 1; 0 0 1 lJ 1. 000 1. 236 1. 236] 0.187 16.403 
[1 1 0 0; 0 1 0 1; 0 0 2 OJ 1.000 1.286 2.597J 0.250 21. 864
[1 1 0 0; 1 0 1 0; 1 0 0 lJ 1.000 -4.122 -1. 575J 0.268 23. 497
[1 1 0 0; 0 1 1 0; 0 0 0 2J 1. 000 11. 386 5.969J 0.364 31.894
[1 1 0 0; 0 1 1 0; 0 1 0 lJ 1. 000 23.661 3.546] 0.444 38.869
Figure 4.27: continued
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consistent relative mass ratios and fitting errors. It is possible that after LSD-3 fitting a 
true genotype combination can produce a relative mass ratio vector close to the true 
relative mass ratio vector yet still have a non-negligible fitting error. Conversely, it is 
possible for a true genotype combination to be perturbed somewhat far from the true 
relative mass ratio vector yet still produce little or no fitting error. Because of this, one 
cannot discount a stem just because it does not fall close to the most likely relative mass 
ratio vector nor can one reject a stem that has a non-negligible fitting error. In this case, 
this locus' resolution is considered indeterminable. 
4.4.2. Manual Review of Raw LSD-3 Mathematical Results for Four-Allele 
Loci 
Figure 4.27 shows the raw LSD-3 mathematical results for all thirteen four-allele 
loci to which up to nine percent peak imbalance was added. (The clean signal at all the 
loci was generated with a relative mass ratio vector of [1.0 3.3 5.0].) The first step in 
manual a nalysis i s  t o  se arch for t hose 1 oci t hat can b e  r esolved w ith h igh confidence. 
These loci are identifiable in that the error ratio of the second ranked genotype 
combination is very large. In Figure 4.27 at the sixth locus, the second ranked genotype 
combination has an error ratio of 20.023. This is large, and offers a good bit of 
confidence that the top-ranked genotype combination is the correct one at that locus. 
The eighth locus further confirms this result although it may not be immediately 
apparent. The eighth locus can be identified as a high-confidence locus without bringing 
in the results at any of the other loci. Note that the top two ranking genotype 
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combinations at the eighth locus both have the same fitting error and thus an error ratio of 
one. However, the first genotype combination has a fitted relative mass ratio vector of 
[1.000 -2.486 -0.802]. Although mathematically possible, negative relative mass ratios 
are physically impossible; one cannot contribute negative mass to a mixture. Therefore, 
the top ranking genotype combination at the eighth locus can be rejected immediately. 
After this rejection, the error ratio of the second ranked genotype combination is 14.653, 
a very large value. This large fitting error gives high confidence that the top-ranked 
feasible genotype combination is the true genotype combination. This top-ranked 
genotype combination (the second in the raw results) has a relative mass ratio vector of 
[1.000 3.304 5.119], which is in close agreement with the relative mass ratio vector 
obtained from the top ranked case of the sixth locus of [1.000 3.390 4.971]. 
The results obtained from the sixth and eighth loci can then be used to aid in the 
resolution of the first three loci. The resolution of these three loci is rather difficult in 
isolation because the error ratios among the top-ranked genotype combinations are not 
widely separated, and the predicted fitted mass ratio vectors for the genotype 
combinations are both feasible and plausible in magnitude. For instance, at the first 
locus, the top two ranked genotype combinations have identical fitting errors and 
corresponding relative mass ratios of [1.000 2.724 4.258] and [1.734 1.000 3.127] 
respectively. None of the elements in these two relative mass ratio vectors are 
unreasonably large or negative, so neither can be ruled out. If this were all the 
information available, one could not make a confident determination as to which of these 
genotype combinations is correct. However, because it has already been determined from 
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locus six and eight that the more likely relative mass ratio in this mixture is near [1.0 3.3 
5.0] the first genotype combination of the first locus should be the one selected. 
Although the resolution became possible only after bringing in the more likely relative 
mass ratio determined at other loci, the resolution at this locus is still considered 
confident. This is further reinforced by the observation that no other genotype 
combination cases at the first locus has a relative mass ratio comparable to that of [1.0 3.3 
5.0]. 
The resolution of the second and third loci would proceed in a manner similar to 
that of the first locus. One would select the first genotype combination case at both loci, 
because the fitted relative mass ratio vectors are (1.000 4.163 5.884] and [1.000 2.546 
4.054] respectively and are considered consistent with that of (1.0 3.3 5.0]. The relative 
mass r atios of t  he 1 ower r anked cases a re a 11 t oo i nconsistent w ith [ 1.0 3 .5 5 .0] t o  b e  
considered likely candidates to be the true genotype combination. The remainder of the 
loci in the mixture can be resolved in a similar manner. For reference, the bolded entries 
in Figure 4.27 are the true genotype combinations at each locus. 
For this mixture sample, only the resolution of the sixth locus was initially 
confident based on error ratios alone. The eighth locus was resolved after considering 
both error ratio and requiring that the fitted relative mass ratio vectors all have positive 
elements. The first three loci were resolved by s electing the one case with consistent 
relative mass ratios. Nearly all the synthetic mixtures of four-allele loci analyzed by the 
author h ave b een 1 argely successfully resolved in a s imilar m anner; s ome 1 oci a re not 
readily resolvable based on error ratio alone, until one arrives at a more probable relative 
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mass ratio from other more resolvable loci. Such a scenario is illustrated in the tenth 
locus in which the true genotype combination is rank deficient, thereby yielding a 
nominal least square solution vector that has the minimum norm vector but is physically 
not necessarily close to the true underlying relative mass portions. In this case, LSD-3 
results would not be able to yield a best-fit mass ratio that would be consistent with those 
at other loci, due to the mathematical properties of the least square solution. Such loci 
would have to be sacrificed from resolution consideration. With respect to Figure 4.25, 
the points corresponding to the mass ratio/error ratio of the true genotype combination 
cases of the four-allele loci are twelve are consistent with each other and to that of [ 1.0 
3.3 5.0]. 
A second numerical example is presented in Figure 4.28, Figure 4.29, and Figure 
4.30, and more of the subtleties of mixture interpretation are brought out in this example. 
When interpreting such mixtures, the data in Figure 4.28 and Figure 4.30 would be 
available, but not that in Figure 4.29, which shows which of those genotype combination 
cases among the top three at each locus are actually the true genotype combinations and 
which are not. This figure is provided only as a reference to help in understanding 
mixture interpretation using the stem plot. This synthetic mixture was generated using 
the same thirteen four-allele loci that were used to generate the previously analyzed 
synthetic mixture. This time, the true relative mass ratio was [1.00 4.95 8.00], and five 
percent heterozygous peak imbalance was added to the mixture. Once again, the 




Ma11 Ratios of Top Three-Ranked 
Genotype Combination Cases for 13 Loci 
a
A 
i . ················! ·•;········· ··!·· . 
f O ••• lr-r± t· ··1
:I ·• ............. . ' .. . ·· 1 
··· · ·····;· · · ·· ······· ·;
-10 � __ ...__ __ ......___ __ __,__ __ ___, 
-10 -5 0 5 10 
Ma11 ratio of person 2 







. . .. 
y::7 i 10 
0 
g w 
Error Ratios of Top Three-Ranked 
Genotype Combination Cases for 13 Loci 
60 ................ ·: ····-····" .. , .. ........ .. 





......... ,,. ...... 
-5 0 
. .................. ·j······ ......... ; 
5 10 
Mass ratio of person 3 
- Errorratio 
O Ranked 1•t 




0 -r------r---,-----+---1-£ -10 -5 0 5 10 -10 Ma11ratio of person3 
Ma11 ratio of person 2 
Figure 4.28: Mass ratio consistency plot of the top three ranked genotype 
combination cases in a mixture of thirteen four-allele loci with a true relative mass 
ratio = [1.00 4.95 8.00] and 5% heterozygous peak imbalance 
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Locus 1 
Raw Data: 7.0669 4.8252 8.3187 7.8229 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 1 0 0; 0 0 1 1] 1.000 4.305 7.201] 0.013 1.000 
[2 0 0 0; 0 2 0 0; 0 0 1 11 1. 465 1.000 3.3451 0.013 1.000 
[2 0 0 0; 1 0 1 0; 0 1 0 11 1.000 -13.290 -10.1041 0.076 6.046 
[2 0 0 0; 0 1 0 l; 0 0 2 01 1.000 1. 790 1.1771 0.076 6.046 
[2 0 0 0; 1 0 0 l; 0 1 1 01 1.000 -20.696 -17.3861 0.088 7.046 
[2 0 0 0; 0 1 1 0; 0 0 0 21 1.000 1.860 1.1071 0.088 7.046 
[2 0 0 0; 0 1 1 0; 0 0 1 11 1.045 1. 000 1. 8861 0.089 7.129 
[2 0 0 0; 0 1 0 l; 0 0 1 11 1.158 1.000 2.1451 0.110 8. 762 
[2 0 0 0; 0 1 1 0; 0 1 0 11 1.000 1.287 1.1461 0.233 18.635 
Locus 2 
Raw Data: 6.9095 7.6831 5.1356 8.3140 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 0 1 0; 0 1 0 1] 1.000 5.790 9.018] 0.016 1.000 
[2 0 0 0; 0 1 0 l; 0 0 2 01 1. 345 3.115 1.0001 0.016 1. 000
[2 0 0 0; 1 0 0 l; 0 1 1 01 1.000 -11. 839 -9.1271 0.064 4.038
[2 0 0 0; 0 1 1 0; 0 0 0 21 1.000 1. 855 1.2031 0.064 4.038
[2 0 0 0; 1 1 0 0; 0 0 1 11 1.000 -19.864 -17.386] 0.080 5.038
[2 0 0 0; 0 2 0 0; 0 0 1 1) 1.000 1.112 1.9471 0.080 5.038
[2 0 0 0; 0 1 0 l; 0 0 1 11 1.000 1.789 1.0521 0.093 5.830
[2 0 0 0; 0 1 1 0; 0 1 0 11 1.075 1.000 1.9891 0.119 7.463
[2 0 0 0; 0 1 1 0; 0 0 1 11 1.000 1.176 1.3591 0.224 14. 056
Locus 3 
Raw Data: 6.6143 8.0132 7.6334 4.7307 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 0 0 1; 0 1 1 0] 1.000 5.023 8.307] 0.010 1.000 
[2 0 0 0; 0 1 1 0; 0 0 0 21 1.398 3.307 1.0001 0.010 1.000 
[2 0 0 0; 1 1 0 0; 0 0 1 11 1.000 -11. 456 -8.8381 0.076 7.642 
[2 0 0 0; 0 2 0 0; 0 0 1 11 1.000 1.212 1.8691 0.076 7.642 
[2 0 0 0; 1 0 1 0; 0 1 0 11 1. 000 -14.980 -12.5051 0.086 8.642 
[2 0 0 0; 0 1 0 l; 0 0 2 01 1.000 1. 927 1.1541 0.086 8.642 
[2 0 0 0; 0 1 1 0; 0 1 0 11 1.008 1.885 1.0001 0.093 9.353 
[2 0 0 0; 0 1 1 0; 0 0 1 11 1.092 2.084 1.0001 0.109 10.986 
[2 0 0 O; 0 1 0 l; 0 0 1 11 1.000 1. 323 1.2081 0.233 23.465 
Locus 4 
Raw Data: 1. 9118 9.8738 7. 9072 8.0035 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0; 1 1 0 0; 0 0 1 1) 1. 000 -2.480 -1. 9981 0.002 1. 000
[2 0 0 0; 0 2 0 0; 0 0 1 1] 1.000 5.165 8.322] 0.002 1.000
[2 0 0 0; 1 0 1 0; 0 1 0 11 1.000 -2.638 -2.9821 0.048 19.428 
[2 0 0 0; 0 1 0 1; 0 0 2 01 1. 000 9.351 4.1361 0.048 19.428 
[2 0 0 0; 1 0 0 l; 0 1 1 01 1.000 -2.628 -2.9191 0.050 20.428 
[2 0 0 0; 0 1 1 0; 0 0 0 21 1.000 9.301 4.1861 0.050 20.428 
[2 0 0 0; 0 1 1 0; 0 1 0 11 1.000 6.167 6.2681 0.126 51. 202
[2 0 0 0; 0 1 0 1; 0 0 1 11 1.000 6.920 4.8621 0.204 82.928
[2 0 0 0; 0 1 1 0; 0 0 1 11 1.000 6.853 4.8961 0.208 84.561
Figure 4.30: LSD-3 mathematical results in a mixture of thirteen four-allele loci 
with a true relative mass ratio = [1.00 4.95 8.00] and 5% heterozygous peak 
imbalance, true genotype combinations are bolded 
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Locus 5 
Raw Data: 1.9873 13.3636 4.9227 8.3322 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
(2 0 0 0; 0 1 1 0; 0 1 0 1] 1.000 4.991 8.422] 0.002 1.000 
(2 0 0 0; 1 1 0 0; 0 0 1 1] 1. 000 -2.349 -1.165] 0.084 38.429 
(2 0 0 0; 0 2 0 0; 0 0 1 1] 1.000 6. 725 6.670] 0.084 38.429 
(2 0 0 0; 1 0 1 0; 0 1 0 1] 1.000 -3.354 -7.391] 0.124 56.709 
(2 0 0 0; 0 1 0 1; 0 0 2 0) 1. 000 10.917 2. 477) 0.124 56.709 
(2 0 0 0; 0 1 0 1; 0 0 1 1) 1.000 10.110 1. 615) 0.201 91.605 
(2 0 0 0; 1 0 0 1; 0 1 1 0) 1.000 -2. 626 -2.882) 0.209 95.138 
(2 0 0 0; 0 1 1 0; 0 0 0 2) 1.000 9.202 4.193) 0.209 95.138 
(2 0 0 O; 0 1 1 0; 0 0 1 1) 1.000 7.822 2.759) 0.339 154.359 
Locus 6 
Raw Data: 1.9982 5.0730 12.7455 8.0225 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 O; 0 1 1 O; 0 0 1 11 1.000 4.961 7.913] 0.007 1.000 
(2 0 0 0; 1 0 1 0; 0 1 0 1) 1. 000 -2. 372 -1.218) 0.075 10.322 
(2 0 0 0; 0 1 0 1; 0 0 2 0] 1.000 6.554 6.378) 0.075 10.322 
(2 0 0 0; 1 1 0 0; 0 0 1 1) 1. 000 -3.300 -6.754) 0.120 16.528 
(2 0 0 0; 0 2 0 0; 0 0 1 1) 1.000 2.539 10.393) 0.120 16.528 
(2 0 0 0; 1 0 0 1; 0 1 1 0) 1.000 -2.663 -2.958) 0.195 26. 850
(2 0 0 0; 0 1 1 0; 0 0 0 2] 1.000 8 :917 4.015) 0.195 26.850
(2 0 0 0; 0 1 0 1; 0 0 1 1) 1.000 1.809 9.489) 0.203 27.990
(2 0 0 0; 0 1 1 0; 0 1 0 1) 1.000 7.521 2.793) 0.325 44.846
Locus 7 
Raw Data: 1.9052 4.8067 4.9597 16.6194 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
(2 0 0 0; 1 0 0 1; 0 1 1 0) 1.000 -2.259 -0.664) 0.004 1. 000
[2 0 0 O; 0 1 1 O; 0 0 0 2] 1.000 5.126 8.723] 0.004 1.000
(2 0 0 0; 0 1 0 1; 0 0 1 1) 1.000 7.444 7.604) 0.140 36.578 
(2 0 0 0; 1 1 0 0; 0 0 1 1) 1.000 -3.313 -7.437) 0.291 76. 222
(2 0 0 0; 0 2 0 0; 0 0 1 1) 1. 000 2.523 11. 326) 0.291 76.222
(2 0 0 0; 1 0 1 0; 0 1 0 1) 1. 000 -3.247 -7.015) 0.295 77. 222
(2 0 0 0; 0 1 0 1; 0 0 2 0) 1. 000 11.246 2.603) 0.295 77. 222
(2 0 0 0; 0 1 1 0; 0 0 1 1) -1.397 1.000 -16.319) 0.336 87.892
(2 0 0 0; 0 1 1 0; 0 1 0 1) -1. 510 1.000 -17.476) 0.342 89.525
Locus 8 
Raw Data: 1. 9484 4. 7207 15.2297 4.8003 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
(2 0 0 0; 1 0 1 0; 0 1 0 1) 1. 000 -2.293 -0.717) 0.002 1. 000 
[2 0 0 0; 0 1 0 1; 0 0 2 0] 1.000 4.886 7.816] 0.002 1.000 
(2 0 0 0; 0 1 1 0; 0 0 1 1) 1. 000 6.799 6.881) 0.123 58.506 
(2 0 0 0; 1 1 0 0; 0 0 1 1) 1. 000 -3.406 -7.225) 0.276 130.908 
(2 0 0 0; 0 2 0 0; 0 0 1 1) 1. 000 2.423 10.280) 0.276 130.908 
(2 0 0 0; 1 0 0 1; 0 1 1 0) 1.000 -3.366 -6.995) 0.278 131.908 
(2 0 0 0; 0 1 1 0; 0 0 0 2) 1. 000 10.239 2.464) 0.278 131.908 
(2 0 0 0; 0 1 0 1; 0 0 1 1) -2.958 1.000 -30.910) 0.328 155.267 
(2 0 0 0; 0 1 1 0; 0 1 0 1) -3.218 -33.446 1.000) 0.331 156.900 
Figure 4.30: continued 
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Locus 9 
Raw Data: 1.9421 5.1601 8.0522 13.4489 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 O; 0 1 0 1; 0 0 1 1] 1.000 5.395 8.373] 0.005 1.000 
[2 0 0 0; 1 0 0 1; 0 1 1 OJ 1.000 -2.338 -1.148 J 0.071 14. 971 
[2 0 0 0; 0 1 1 0; 0 0 0 2J 1.000 6.803 6.925J 0.071 14.971 
[2 0 0 0; 1 1 0 0; 0 0 1 lJ 1. 000 -3.207 -6.682J 0.133 27.936 
[2 0 0 0; 0 2 0 0; 0 0 1 lJ 1.000 2.657 11.071J 0.133 27.936 
[2 0 0 0; 1 0 1 O; 0 1 0 lJ 1.000 -2.636 -3.046J 0.205 42.907 
[2 0 0 O; 0 1 0 1; 0 0 2 OJ 1.000 9.582 4.146J 0.205 42.907 
[2 0 0 O; 0 1 1 0; 0 0 1 lJ 1.000 1. 690 10.226J 0.213 44.620 
[2 0 0 0; 0 1 1 0; 0 1 0 lJ 1.000 2.683 8.240J 0.330 69.067 
Locus 10 
Raw Data: 5.8546 5.7864 8.0552 8.2242 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0; 0 0 2 O; 0 0 1 lJ -68.901 1.000 -97.355J 0.002 1.000 
[1 1 0 O; 0 0 2 O; 0 0 0 2J 1. 445 1. 000 1.021J 0.002 1.000 
[1 1 0 0; 0 0 1 1; 0 0 0 2J 68.901 95.355 1.000J 0.002 1.000 
[1 1 0 O; 1 0 0 1; 0 1 1 OJ 1. 000 -3.535 -3.484J 0.002 1.046 
[1 1 0 0; 0 1 1 O; 0 0 1 1) -49.594 1.000 -69.156) 0.002 1.046 
[1 1 0 O; 1 0 0 1; 0 0 1 lJ 48.594 1.000 68.156J 0.002 1.046 
[1 1 0 O; 0 1 0 1; 0 0 1 lJ 114. 999 1.000 161.020J 0.004 2. 460
[1 1 0 0; 1 0 1 0; 0 1 0 lJ [ 1.000 -3.499 -3.521J 0.004 2.460 
[1 1 0 0; 1 0 1 0; 0 0 1 lJ [-115. 999 1.000 -162.020J 0.004 2.460 
[2 0 0 0; 1 1 0 O; 0 0 1 lJ [ 1.000 169.780 238.828J 0.004 2.479 
[1 1 0 O; 0 2 0 0; 0 0 1 lJ [-171. 780 1.000 -238.828J 0.004 2.479 
[1 1 0 O; 1 1 0 O; 0 0 1 1] [ 1.000 1.000 2.797] 0.005 2.673 
[1 1 0 0; 0 0 1 1; 0 0 1 lJ [ 1.430 1.000 1.000J 0.005 2.673 
[1 1 0 O; 1 0 1 0; 0 0 0 2J [ 1.000 1. 726 1.316J 0.165 95.673 
[1 1 0 O; 0 1 1 O; 0 0 0 2J [ 1.000 1.699 1. 307 J 0.168 97.306 
[1 1 0 O; 1 0 0 1; 0 0 2 OJ [ 1.000 1. 795 1. 313 J 0.169 97.696 
[1 1 0 O; 0 1 0 1; 0 0 2 OJ [ 1.000 1. 767 1. 303 J 0.171 99.329 
[1 1 0 O; 1 0 1 O; 1 0 0 lJ [ 1.000 2.309 2.406J 0.290 168.170 
[1 1 0 O; 0 1 1 O; 0 1 0 lJ [ 1.000 2.245 2. 341J 0.293 169.584 
Figure 4.30: continued 
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Locus 11 
Raw Data: 14.5385 1.0210 4. 7740 8.3835 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0; 1 0 1 0; 1 0 0 1] 1.000 4.378 7.627] 0.006 1.000 
(2 0 0 0; 1 1 0 0; 0 0 1 1] 6.619 1. 000 6.443] 0.089 14.178 
(1 1 0 0; 0 2 0 0; 0 0 1 1] -2.151 1.000 -0.973] 0.089 14.178 
(1 1 0 0; 1 0 0 1; 0 0 2 0] 1.145 4.229 1.000] 0.103 16. 4 66 
(1 1 0 0; 1 0 0 1; 0 1 1 0] 1.000 9.042 1. 912] 0.173 27.519 
(1 1 0 0; 0 1 1 0; 0 0 1 1] -1. 408 1. 000 -1.268] 0.173 27.519 
(1 1 0 0; 1 0 0 1; 0 0 1 1] 1. 523 3. 728 1.000] 0.173 27.519 
(1 1 0 0; 1 0 1 0; 0 0 0 2] 1. 000 1.954 1.065] 0.176 28.042 
(1 1 0 0; 1 0 1 0; 0 0 1 1] 1. 293 1.208 1.000] 0.298 47.569 
(1 1 0 0; 1 0 1 0; 0 1 0 1] 1.000 7.540 3.415] 0.298 47.569 
(1 1 0 0; 0 1 0 1; 0 0 1 1] -2.070 1. 000 -1. 828] 0.298 47.569 
(1 1 0 O; 0 0 2 0; 0 0 1 1] -4.311 1.000 -4.645] 0.333 53.096 
(1 1 0 0; 0 0 2 0; 0 0 0 2] 3.259 1.000 1. 756] 0.333 53.096 
(1 1 0 0; 0 0 1 1; 0 0 0 2] 4 .311 2.645 1.000] 0.333 53.096 
[1 1 0 0; 1 1 0 0; 0 0 1 1] 1.000 1.000 1. 691] 0.345 54.956 
(1 1 0 0; 0 0 1 1; 0 0 1 1] 2.365 1.000 1.000] 0.345 54.956 
(1 1 0 0; 0 1 1 0; 0 0 0 2] -6.380 1.000 -3.168] 0.368 58.663 
(1 1 0 0; 0 1 0 1; 0 0 2 0] 6.683 1.000 2.204] 0.440 70.239 
(1 1 0 0; 0 1 1 0; 0 1 0 1] -4.153 1.000 -0.905] 0. 464 74.089 
Locus 12 
Raw Data: 6.1390 8.8057 5.0678 7.7997 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
(1 1 0 0; 0 1 0 1; 0 0 
[1 1 0 0; 1 0 1 O; 0 0 
(1 1 0 0; 1 0 1 0; 0 1 
(1 1 0 0; 0 1 1 0; 0 0 
(1 1 0 0; 0 0 2 0; 0 0 
(1 1 0 0; 0 0 2 0; 0 0 
(1 1 0 0; 0 0 1 1; 0 0 
(2 0 0 0; 1 1 0 0; 0 0 
(1 1 0 0; 0 2 0 0; 0 0 
(1 1 0 0; 1 0 0 1; 0 1 
(1 1 0 0; 1 0 0 1; 0 0 
(1 1 0 0; 0 1 1 0; 0 0 
(1 1 0 0; 1 1 0 0; 0 0 
(1 1 0 0; 0 0 1 1; 0 0 
(1 1 0 0; 0 1 0 1; 0 0 
(1 1 0 0; 1 0 1 0; 0 0 
(1 1 0 0; 0 1 1 0; 0 1 
(1 1 0 0; 1 0 0 1; 0 0 
(1 1 0 0; 1 0 1 0; 1 0 
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1. 883] 0.001 1. 000 
-2.883] 0.001 1.000 
7.494] 0.001 1. 000
1.000] 0.050 42.556 
-5. 710] 0.068 57.888 
1.539] 0.068 57.888 
1.000] 0.068 57.888 
-4.825] 0.069 59.302 
4.825] 0.069 59.302 
6.179] 0.097 82.865 
197.007] 0.097 82.865 
-198.007] 0.097 82.865 
1. 722] 0.097 82. 872
1.000] 0.097 82. 872
1.000] 0.107 90.975
1. 566] 0.161 137.086




Raw Data: 6. 0415 1.0150 13.4463 8.0087 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0; 1 0 1 0; 0 1 0 1] 1. 000 -1. 853 -1.127] 0.007 1.000 
[1 1 0 O; 1 0 1 0; 0 0 1 1] 1.000 5.736 8. 892] 0.007 1.000 
[1 1 0 0; 0 1 0 1; 0 0 1 1] -1.174 1.000 -2.550] 0.007 1.000 
[1 1 0 0; 1 0 0 1; 0 0 2 0] 1.000 335.218 321.287] 0.060 8.378 
[1 1 0 0; 0 0 2 0; 0 0 1 1] 1.298 1. 000 2. 946] 0.125 17.294 
[1 1 0 0; 0 0 2 0; 0 0 0 2] 1.000 1. 906 1.135] 0.125 17. 294
[1 1 0 0; 0 0 1 1; 0 0 0 2] -1. 298 -4.946 1.000] 0.125 17.294
[2 0 0 0; 1 1 0 0; 0 0 1 1] 2.476 1. 000 10.569] 0.135 18.708
[1 1 0 0; 0 2 0 0; 0 0 1 1] -2.404 1. 000 -4.268] 0.135 18.708
[1 1 0 0; 1 0 1 0; 0 0 0 2] 1. 000 -5.939 -2.235] 0.170 23.653
[1 1 0 0; 1 0 0 1; 0 0 1 1] -17. 667 1.000 -52.697] 0.184 25.458
(1 1 0 0; 0 1 1 0; 0 0 1 1] 16.667 1.000 51. 697] 0.184 25.458
[1 1 0 0; 1 0 0 1; 0 1 1 0] 1. 000 -1. 476 -1. 504] 0.184 25.458
[1 1 0 0; 0 0 1 1; 0 0 1 1] 1. 000 1. 520 1. 520] 0.184 25.477
[1 1 0 0; 1 1 0 0; 0 0 1 1] 1. 000 1.000 6.081] 0.184 25.477
[1 1 0 0; 0 1 0 1; 0 0 2 0] 1. 000 2.160 3.963] 0.264 36.619
[1 1 0 0; 1 0 1 0; 1 0 0 1] 1. 000 -3.020 -1. 262] 0.288 39.968
[1 1 0 0; 0 1 1 0; 0 0 0 2] 1.000 -62.786 -34.494] 0.374 51. 894
[1 1 0 0; 0 1 1 0; 0 1 0 1] 1.000 -11.792 -2.398] 0.464 64. 426
Figure 4.30: continued 
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Analysis begins, as always, with the inspection of six-allele loci results because of 
their high insensitivity to signal perturbations. Because the synthetic mixture being 
analyzed is made up of only four-allele loci, this step is skipped. Next, one looks for 
those loci that are resolvable in isolation, based solely on error ratio and reasonable 
relative mass ratio vectors. The fifth locus can be resolved based solely on error ratio. 
The error ratio of the second ranked genotype combination case is 38.429, a value too 
large to be reasonably considered. The fitted relative mass ratio vector of the top ranked 
genotype combination case is feasible at [1.000 4.991 8.422]. The sixth, ninth, and 
eleventh loci can be resolved in a similar manner resulting in two more fitted relative 
mass ratio vectors of [1.000 4.961 7.913], [1.000 5.395 8.373], and [1.000 4.378 7.627] 
respectively consistent with that at the fifth locus. 
Next, those loci that can be resolved by considering error ratios and the 
eliminations of impossible or extreme relative mass ratio vectors are analyzed. The 
fourth locus is easily resolved by eliminating the first genotype combination case, which 
has negative elements in its fitted mass ratio vector. With this case eliminated, the only 
other reasonable case to consider is the second, with a fitted relative mass ratio vector of 
[1.000 5.165 8.322] which is consistent with the previously established most likely 
relative mass ratio of about [1 5 8]. The seventh, eighth, and thirteenth loci in this 
synthetic mixture can be resolved in the same way. 
Now that eight of the thirteen loci have been confidently resolved, one can use the 
most likely relative mass ratio vector established by these eight loci to aid in the 
resolution of the remaining five loci. The most likely relative mass ratio vector is 
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constructed by averaging the elements of these eight resolved loci, which yields [ 1.000 
5.080 8.261]. At the first locus, the error ratios of all the genotype combination cases 
except the last are reasonable, therefore only the last can be eliminated based solely on 
error ratio. Two more genotype combination cases can be eliminated from consideration 
because their fitted relative mass ratio vectors contain negative elements. Of the 
remaining six genotype combination cases, only one has a fitted relative mass ratio vector 
that is consistent with [1.000 5_.080 8.261]; the first genotype combination case has a 
fitted relative mass ratio vector of [1.000 4.305 7.201]. This locus is selected as the 
resolution at this locus. The same method when applied to the second, third, and twelfth 
loci yields confident resolutions at these loci. 
The only locus that remains unresolved at this point is the tenth locus. It is 
interesting to note that the true genotype combination at this locus is the only one with a 
rank deficient genotype matrix (three columns but rank two) in this synthetic mixture. As 
was previously mentioned, many genotype combinations would fit well to the allele peak 
area data because they all are of rank three and would mathematically fit better to a given 
vector because it has one more degree of freedom than does a rank-two matrix. The last 
six genotype combination cases can be eliminated from considerations because of their 
excessively high error ratios. Furthermore, ten of the remaining thirteen genotype 
combination cases can be eliminated because their fitted relative mass ratio vectors 
contain negative elements of implausibly large values. Only three genotype combination 
cases remain for considerations, however none of them has fitted relative mass ratio 
vectors consistent with the most likely relative mass ratio vector. Because of this 
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inconsistency, no clear resolution can be concluded for this locus. Six of the fifty-two 
four-allele genotype combinations have two-dimensional column spaces. 
In this example, a confident resolution at twelve of the thirteen four-allele loci 
was possible. The approach presented for interpreting these mixtures of three peoples' 
STR DNA has been found to be quite successful for evaluating such synthetic mixtures. 
A summary of this method is presented in the next section. 
4.4.3. Resolution of Five-Allele Loci Guided by Raw LSD-3 Mathematical 
Results 
As mentioned previously, five-allele loci are more easily resolved after manual 
analysis of LSD-3 mathematical results than are four-allele loci. To illustrate this, a 
synthetic mixture was generated from thirteen five-allele loci, with a true relative mass 
ratio v ector o f [ 1. 00 4 . 95 8 .00 ], and up  t o  n ine p ercent h eterozygous p eak i mbalance. 
Figure 4.31 and Figure 4.32 show graphically the fitted relative mass ratios of the three 
top-ranked genotype combination cases in a synthetic mixture of thirteen five-allele loci. 
Figure 4.33 gives the raw LSD-3 mathematical results of the same mixture. 
Figure 4.31 shows that the thirteen top-ranked genotype combination cases cluster 
about a relative mass ratio vector of about [1.0 4 .5 8.0]. Equally as important, those 
second and third-ranked genotype combination cases have error ratios between about four 
and eighty. These two conditions taken together indicate that the top-ranked genotype 
combination c ases not o nly a 11 fit the d ata s ignificantly better t han do t he s econd and 
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Figure 4.31: Mass ratio consistency plot of the top three ranked genotype 
combination cases in a mixture of thirteen five-allele loci with a true relative mass 
ratio = [1.00 4.95 8.00] and 9% heterozygous peak imbalance 
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Figure 4.32: Mass ratio consistency plot of the top three ranked genotype 
combination cases in a mixture of thirteen five-allele loci with a true relative mass 
ratio = [1.0 4.95 8.0) and 9% heterozygous peak imbalance; the circles denote the 
true genotype combination for all loci 
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Locus 1 
Raw Data: 1. 9843 4.5210 5.2364 7.9204 8.1662 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
(2 0 0 0 O; 0 1 1 0 O; 0 0 0 1 1) 1.000 4.917 8,107] 0.019 1.000 
[2 0 0 0 0; 0 1 0 1 O; 0 0 1 0 l] 1.000 6.270 6.754] 0.114 5.933 
[2 0 0 0 0; 0 1 0 0 l; 0 0 1 1 0] 1.000 6.394 6.630] 0.115 5,984 
Locus 2 
Raw Data: 2.1051 5.3258 8.3430 4.6616 7.8642 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0 0; 0 1 0 1 0; 0 0 1 0 1) 1.000 4.744 7. 699] 0.020 1.000 
[2 0 0 0 0; 0 1 1 0 O; 0 0 0 1 l] 1.000 6.493 5.950] 0.110 5.373 
[2 0 0 0 O; 0 1 0 0 l; 0 0 1 1 0] 1.000 6.266 6.178] 0.112 5. 461
Locus 3 
Raw Data: 2.1568 5.3215 7.8708 8.5669 4.5561 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[2 0 0 0 0; 0 1 0 0 1; 0 0 1 1 0] 1.000 4.580 7.621] 0.026 1.000 
[2 0 0 0 O; 0 1 0 1 O; 0 0 1 0 l] 1.000 6.439 5.762] 0.115 4.484 
[2 0 0 0 0; 0 1 1 0 0; 0 0 0 1 l] 1.000 6.117 6.085] 0.118 4.594 
Locus 4 
Raw Data: 5.7924 1.0564 4.5133 7.4800 7 .5720 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
(1 1 0 0 O; 1 0 1 0 0; 0 0 0 1 1] 1.000 4.058 6. 656] 0.005 1.000 
[1 1 0 0 0; 1 0 0 0 l; 0 0 1 1 0] 1.000 59.668 53.995] 0.101 18.464 
[1 1 0 0 0; 1 0 0 1 O; 0 0 1 0 l] 1.000 46.326 42.638] 0.101 18.602 
[l 1 0 0 0; 0 0 2 0 0; 0 0 0 1 l] 1.517 1.000 3.335] 0.127 23.241 
[l 1 0 0 0; 0 0 1 1 0; 0 0 0 0 2] 1.000 1.751 1.106] 0.150 27.419 
[l 1 0 0 0; 0 0 1 0 l; 0 0 0 2 0] 1.000 1. 765 1.092] 0.151 27.661 
[l 1 0 0 0; 0 0 1 0 l; 0 0 0 1 l] 1.127 1.000 1. 976] 0.159 29.217 
[l 1 0 0 O; 0 0 1 1 0; 0 0 0 1 l] 1.150 1.000 2.027] 0.162 29.669 
(1 1 0 0 O; 0 1 1 0 0; 0 0 0 1 l] 1.894 1.000 5.262] 0.202 37.055 
(1 1 0 0 0; 0 0 1 1 0; 0 0 1 0 l] 1.000 1.158 1.185) 0.263 48.190 
(1 1 0 0 0; 0 1 0 1 O; 0 0 1 0 1) 1.000 1. 981 3.512] 0.279 51.186 
(1 1 0 0 0; 0 1 0 0 l; 0 0 1 1 0) 1.000 2.053 3.549) 0.281 51. 409
Locus 5 
Raw Data: 5.6273 1.0187 7. 6720 4.6816 7.3020 
Genotype Combination Mass Ratio Vector Error E Ratio 
--------------------------------�--------------------------------------------
[1 1 0 0 0; 1 0 0 1 0; 0 0 1 0 1] 1.000 4.684 7.530] 0.010 1.000 
(1 1 0 0 0; 1 0 1 0 O; 0 0 0 1 l] 1.000 -2750.432 -2477. 892] 0.097 9.667 
[l 1 0 0 0; 1 0 0 0 l; 0 0 1 1 0] 1.000 52.971 51.090] 0.100 9.906 
[l 1 0 0 0; 0 0 1 0 1; 0 0 0 2 0] 1.420 3.198 1.000) 0.124 12.338 
[l 1 0 0 O; 0 0 2 0 0; 0 0 0 1 l] 1.000 1.154 1. 803] 0.143 14.148 
[l 1 0 0 O; 0 0 1 1 0; 0 0 0 0 2] 1.000 1. 859 1.099) 0.148 14.661 
(1 1 0 0 O; 0 0 1 1 O; 0 0 1 0 l] 1.024 1.000 1. 808] 0.156 15.476 
(1 1 0 0 0; 0 0 1 0 l; 0 0 0 1 1) 1.108 1. 998 1.000] 0.166 16.505 
[l 1 0 0 O; 0 1 0 1 O; 0 0 1 0 l] 1.597 1.000 4. 724] 0.204 20.267 
[1 1 0 0 0; 0 0 1 1 0; 0 0 0 1 l] 1.000 1.276 1.165] 0.258 25.577 
[l 1 0 0 0; 0 1 0 0 l; 0 0 1 1 OJ 1.000 2.011 3. 727] 0.274 27.151 
[l 1 0 0 0; 0 1 1 0 O; 0 0 0 1 1] 1.000 2.333 3.907] 0.279 27.657 
Figure 4.33: LSD-3 mathematical results in a mixture of thirteen five-allele loci 
with a true relative mass ratio = [1.00 4.95 8.00] and 9% heterozygous peak 
imbalance, true genotype combinations are bolded 
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Locus 6 
Raw Data: 6.2143 0.9901 8.6218 7.9510 4. 8775
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 O; 1 0 0 0 1; 0 0 1 1 0] 1.000 4.516 7 .494] 0.018 1.000 
(1 1 0 0 0; 1 0 1 0 O; 0 0 0 1 l] 1.000 -52.584 -45.037] 0.102 5.687 
(1 1 0 0 0; 1 0 0 1 0; 0 0 1 0 l] 1.000 86.757 83.155] 0.107 5.983 
(1 1 0 0 O; 0 0 1 1 O; 0 0 0 0 2] 1.477 3.398 1.000] 0.130 7.234 
(1 1 0 0 O; 0 0 2 0 0; 0 0 0 1 l] 1.000 1.197 1.781] 0.150 8.325 
(1 1 0 0 0; 0 0 1 1 0; 0 0 1 0 l] 1.037 1. 884 1.000] 0.154 8.587 
(1 1 0 0 O; 0 0 1 0 l; 0 0 0 2 O] 1.000 1. 874 1.104] 0.159 8.828 
(1 1 0 0 0; 0 0 1 1 0; 0 0 0 1. l] 1.190 2.237 1.000] 0.171 9.498 
(1 1 0 0 O; 0 1 0 0 l; 0 0 1 1 OJ 1.885 1.000 5,487] 0.204 11. 366 
(1 1 0 0 O; 0 0 1 0 l; 0 0 0 1 l] 1.000 1.311 1.125] 0.269 14.950 
(1 1 0 0 O; 0 1 0 1 0; 0 0 1 0 l] 1.000 1.953 3.703] 0.281 15.645 
(1 1 0 0 O; 0 1 1 0 0; 0 0 0 1 l] 1.000 2.506 4.011] 0.289 16.092 
Locus 7 
Raw Data: 1.0623 5.9769 4.6851 8.2479 8.4869 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 0; 0 1 1 0 0; 0 0 0 1 1] 1.000 4.181 7.347] 0.008 1.000 
(1 1 0 0 O; 0 1 0 0 l; 0 0 1 1 OJ 1.000 -56.807 -50.347] 0.114 15.159 
(1 1 0 0 O; 0 1 0 1 0; 0 0 1 0 l] 1.000 -146.346 -135.051] 0.116 15.393 
(1 1 0 0 O; 0 0 2 0 O; 0 0 0 1 1] 1.502 1.000 3.572] 0.122 16.199 
(1 1 0 0 O; 0 0 1 1 O; 0 0 0 0 2] 1.000 1.837 1. 206] 0.151 19.985 
(1 1 0 0 O; 0 0 1 0 l; 0 0 0 1 l] 1.099 1.000 2.112] 0.152 20 .116 
(1 1 0 0 0; 0 0 1 0 l; 0 0 0 2 OJ 1.000 1.871 1.172] 0.154 20.457 
(1 1 0 0 0; 0 0 1 1 0; 0 0 0 1 l] 1.156 1.000 2.249] 0.158 20.905 
(1 1 0 0 0; 1 0 1 0 0; 0 0 0 1 11 1. 870 1.000 5.634] 0.195 25.817 
(1 1 0 0 0; 0 0 1 1 0; 0 0 1 0 l] 1.000 1.202 1.270] 0.273 36.208 
(1 1 0 0 0; 1 0 0 1 O; 0 0 1 0 l] 1.000 2.429 4.144] 0.283 37.531 
(1 1 0 0 0; 1 0 0 0 l; 0 0 1 1 OJ 1.000 2.662 4.283] 0.286 37.887 
Locus 8 
Raw Data: 0.9135 6.1441 7.8265 5.2456 8.0041 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 0; 0 1 0 1 O; 0 0 1 0 1] 1.000 5.768 8.712] 0.004 1.000 
(1 1 0 0 0; 0 1 0 0 l; 0 0 1 1 OJ 1.000 -646.881 -597.217] 0.086 19.287 
(1 1 0 0 O; 0 1 1 0 0; 0 0 0 1 l] 1.000 144.258 137.288] 0.087 19.541 
(1 1 0 0 0; 0 0 1 0 l; 0 0 0 2 OJ 1. 345 3.018 1.000] 0.132 29.399 
(1 1 0 0 0; 0 0 1 1 0; 0 0 0 0 2] 1.000 1. 852 1.134] 0.147 32. 764
(1 1 0 0 0; 0 0 2 0 0; 0 0 0 1 l] 1.000 1.109 1.877] 0.149 33.217
(1 1 0 0 0; 0 0 1 0 l; 0 0 0 1 l] 1.000 1. 739 1.008] 0.168 37.465
(1 1 0 0 O; 0 0 1 1 0; 0 0 1 0 l] 1.026 1.000 1.802] 0.172 38.497
(1 1 0 0 O; 1 0 0 1 0; 0 0 1 0 l] 1.512 1.000 4.514] 0.215 48.060
(1 1 0 0 0; 0 0 1 1 O; 0 0 0 1 l] 1.000 1.218 1.268] 0.254 56.747
(1 1 0 0 0; 1 0 1 0 0; 0 0 0 1 l] 1.000 1.939 3.697] 0.277 61. 859
(1 1 0 0 O; 1 0 0 0 l; 0 0 1 1 0] 1.000 2.073 3. 772] 0.279 62.408
Figure 4.33: continued 
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Locus 9 
Raw Data: 1.0377 5.8738 7. 7186 7.5531 4. 6768
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 O; 0 1 0 0 1; 0 0 1 1 O] 1.000 4.336 7.000] 0.006 1.000 
(1 1 0 0 0; 0 1 1 0 0; 0 0 0 1 lJ 1.000 87.914 79.551J 0.098 17.653 
(1 1 0 0 0; 0 1 0 1 0; 0 0 1 0 lJ 1.000 50.340 46.935J 0.099 17.883 
(1 1 0 0 0; 0 0 1 1 0; 0 0 0 0 2J 1.478 3.265 1.000J 0.127 22.985 
(1 1 0 0 0; 0 0 2 0 O; 0 0 0 1 lJ 1.000 1.117 1. 769J 0.148 26. 727 
(1 1 0 0 0; 0 0 1 0 1; 0 0 0 2 OJ 1.000 1. 793 1.093J 0.150 27.138 
(1 l 0 0 0; 0 0 1 1 O; 0 0 l 0 lJ 1.089 1.906 1.000J 0.160 28.876 
(1 l 0 0 o, 0 0 1 1 0; 0 0 0 l lJ 1.128 1.993 1.000J 0.164 29.671 
(1 1 0 0 O; 1 0 0 0 1; 0 0 1 1 OJ 1. 795 1.000 5.071J 0.205 36.903 
(1 1 0 0 0; 0 0 1 0 1; 0 0 0 1 lJ 1.000 1.212 1.164J 0.261 47.076 
(1 1 0 0 O; l 0 0 1 0; 0 0 1 0 lJ 1.000 1.963 3.554J 0.278 50.175 
(1 1 0 0 0; l 0 1 0 0; 0 0 0 1 lJ 1.000 2.092 3.621J 0.280 50.572 
Locus 10 
Raw Data: 1.0328 0.9645 9.9743 7.4973 8.2850 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 0; 0 0 2 0 0; 0 0 0 1 1] 1.000 4.994 7.902] 0.020 1.000 
(1 l 0 0 0; 0 0 1 0 l; 0 0 0 2 0] 1.000 9.142 3.754J 0.043 2.138 
(1 l 0 0 0; 0 0 1 1 0; 0 0 0 0 2J 1.000 8.748 4.148J 0.063 3.134 
(1 l 0 0 0; 0 0 1 1 O; 0 0 l 0 1] 1.000 5.569 6.358] 0.121 5.998 
(1 1 0 0 0; l 0 0 1 0; 0 0 1 0 lJ 1.000 -3.321 -6.039J 0.160 7.964 
(1 1 0 0 0; 0 1 0 1 0; 0 0 1 0 lJ 1.000 -3.341 -6.131] 0.163 8.100 
(1 1 0 0 0; 1 0 0 0 1; 0 0 1 1 OJ 1.000 -3.126 -4.923J 0.182 9.045 
(1 1 0 0 0; 0 1 0 0 1; 0 0 1 1 OJ 1.000 -3.140 -4.987J 0.185 9.177 
(1 1 0 0 0; 0 0 1 0 l; 0 0 0 1 lJ 1.000 6.921 4 .441J 0.191 9.487 
(1 1 0 0 0; l 0 1 0 0; 0 0 0 l lJ 1.000 -2.854 -3. 376J 0.207 10.278 
(1 1 0 0 0; 0 1 1 0 0; 0 0 0 l lJ 1.000 -2.863 -3.409J 0.210 10.418 
(1 1 0 0 0; 0 0 1 l 0; 0 0 0 l lJ 1.000 6.396 4.704J 0.224 11.114 
Locus 11 
Raw Data: 0.9781 1.0648 13.7744 5.0334 7.9950 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 0; 0 0 1 1 0; 0 0 1 0 1] 1.000 5.171 8.071] 0.015 1.000 
(1 1 0 0 O; 0 0 2 0 O; 0 0 0 l lJ 1.000 6.743 6.377J 0.073 4.816 
(1 1 0 0 0; 0 0 1 0 1; 0 0 0 2 OJ 1.000 10.656 2.464J 0.142 9.395 
(1 1 0 0 0; 0 1 0 1 0; 0 0 1 0 lJ 1.000 -5.046 -16.227J 0.173 11.461 
(1 1 0 0 0; 1 0 0 1 O; 0 0 1 0 lJ 1.000 -5.183 -16.957J 0.175 11. 594 
(1 1 0 0 0; 0 0 1 1 0; 0 0 0 0 2J 1.000 9.206 3.914J 0.214 14.209 
(1 1 0 0 0; 0 0 1 0 1; 0 0 0 1 lJ 1.000 9.957 1.399J 0.216 14.351 
(1 1 0 0 0; 0 1 0 0 1; 0 0 1 1 OJ 1.000 -3.232 -5.672J 0.266 17.664 
(1 1 0 0 0; 1 0 0 0 1; 0 0 l 1 OJ 1.000 -3.254 -5. 772] 0.268 17.802 
(1 1 0 0 0; 0 1 1 0 O; 0 0 0 1 lJ 1.000 -2.570 -1.817J 0.283 18.793 
(1 1 0 0 0; l 0 1 0 0; 0 0 0 1 lJ 1.000 -2.575 -1.832J 0.287 19.015 
(1 1 0 0 0; 0 0 1 1 0; 0 0 0 1 lJ 1.000 8.024 2.366J 0.335 22.212 
Figure 4.33: continued 
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Locus 12 
Raw Data: 1.0720 1.0579 5.0791 13.6912 8.2307 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 O; 0 0 1 1 O; 0 0 0 1 1] 1.000 4.889 7.848] 0.008 1.000 
[1 1 0 0 0; 0 0 1 0 1; 0 0 0 2 OJ 1.000 6.249 6.428J 0.077 10.111 
[1 1 0 0 O; 0 0 2 0 0; 0 0 0 1 lJ 1.000 2.385 10.293] 0.133 17.519 
[1 1 0 0 O; 1 0 1 0 O; 0 0 0 1 lJ 1.000 -5.378 -17.386) 0.166 21. 976
[1 1 0 0 0; 0 1 1 0 0; 0 0 0 1 lJ 1.000 -5.404 -17.516) 0.167 22.021
[1 1 0 0 O; 0 0 1 0 1; 0 0 0 1 lJ 1.000 1. 470 9.557) 0.209 27.609
[1 1 0 0 0; 0 0 1 1 0; 0 0 0 0 2J 1.000 8.813 3 .864J 0.209 27.630
[1 1 0 0 0; 1 0 0 0 1; 0 0 1 1 OJ 1.000 -3.267 -5.583J 0.265 35.024
[1 1 0 0 0; 0 1 0 0 1; 0 0 1 1 OJ 1.000 -3.271 -5.599J 0.265 35.070
[1 1 0 0 0; 1 0 0 1 O; 0 0 1 0 lJ 1.000 -2.608 -1.901J 0.282 37.227 
[1 1 0 0 0; 0 1 0 1 0; 0 0 1 0 lJ 1.000 -2.609 -1. 903J 0.282 37.298 
[1 1 0 0 O; 0 0 1 1 O; 0 0 1 0 lJ 1.000 7.584 2.457J 0.334 44.121 
Locus 13 
Raw Data: o. 9716 0.9622 4.8085 4.9804 16.6541 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 1 0 0 O; 0 0 1 1 O; 0 0 0 0 2] 1.000 5.062 8.613] 0.004 1.000 
[1 1 0 0 0; 0 0 1 0 1; 0 0 0 1 lJ 1.000 7.340 7.518J 0.140 32.567 
[1 1 0 0 0; 0 0 2 0 0; 0 0 0 1 lJ 1.000 2.487 ll.188J 0.291 67.824 
[1 1 0 0 0; 0 0 1 0 1; 0 0 0 2 OJ 1.000 11.099 2 .576J 0.295 68.822 
[1 1 0 0 0; 1 0 1 0 0; 0 0 0 1 lJ 1.000 -5.033 -16.967J 0.307 71.543 
[1 1 0 0 0; 0 1 1 0 0; 0 0 0 1 lJ 1.000 -5.048 -17.051J 0.307 71. 571
[1 1 0 0 0; 1 0 0 1 0; 0 0 1 0 lJ 1.000 -4.783 -15.444J 0.312 72.750
[1 1 0 0 0; 0 1 0 1 0; 0 0 1 0 lJ 1.000 -4.796 -15.514J 0.312 72. 779
[1 1 0 0 0; 0 0 1 1 0; 0 0 0 1 lJ -1.410 1.000 -16.278J 0.335 78.189
[1 1 0 0 0; 1 0 0 0 1; 0 0 1 1 OJ 1.000 -2.422 -1.067J 0.339 78.966
[ 1 1 0 0 O; 0 1 0 0 1; 0 0 1 1 OJ 1.000 -2.422 -1.068J 0.339 79.055
[1 1 0 0 O; 0 0 1 1 0; 0 0 1 0 lJ -1. 539 1.000 -17.580J 0.342 79.819
Figure 4.33: continued 
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consistent with each other. At this point, one would favor the decision that the top­
ranked genotype combination cases are the correct resolution. 
Manual analysis of the mathematical results in Figure 4.33 leads to the same 
conclusion. Those loci that are readily resolvable through error ratio alone are first 
resolved. This leads to the selection of the top-ranked genotype combination cases at the 
fourth, fifth, seventh, eighth, ninth, twelfth, and thirteenth loci to be the correct 
resolution. The relative mass ratios of theses genotype combination cases at these seven 
loci are consistent with one another and have an average value of [1.00 4.71 7.67]. The 
next step is to examine those loci that can be resolved by identifying those cases with 
consistent relative mass ratios. At each locus, after eliminating those genotype 
combination cases whose fitted relative mass ratio vectors have either negative or very 
large elements, the one among what is left that has consistent mass ratios is selected to be 
the correct one. Finally, the most likely relative mass ratio cluster is brought in to help 
resolve those loci that have not yet been resolved. This leads to the selection of the 
genotype combination case at the remaining loci with consistent mass ratio (they happen 
to all be the top-ranked ones at these loci), which are the first, second, third, sixth, tenth, 
and eleventh loci. All thirteen of the five-allele loci in this synthetic mixture were 
resolved with high confidence through this method. 
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4.4.4. Resolution of Six-Allele Loci Guided by Raw LSD-3 Mathematical 
Results 
Although only 0.3 loci on average in a thirteen locus mixture can be expected to 
have six alleles, the resolution of these loci is quite straightforward. A synthetic mixture 
was g enerated u sing t hirteen s ix-allele loci a nd analyzed w ith LSD-3. A t rue r elative 
mass ratio of [1.00 4.95 8.00] was used to generate clean allele peak area data and then 
up to nine percent heterozygous peak imbalance was added to perturb the signal. 
Figure 4.34 and Figure 4.35 show the consistency of the fitted relative mass ratios 
of the top three genotype combination cases from all loci. As in the five-allele numerical 
example, the thirteen top-ranked genotype combination cases cluster tightly about [ 1.0 5 
8] and the error ratios of the second and third-ranked genotype combination cases range
from about five to twenty. These two conditions suggest that the top-ranked genotype 
combination case at each of the thirteen loci is indeed the correct resolution for the 
respective locus. 
Manual analysis of the mathematical results shown in Figure 4.36 support the 
selection of the top-ranked genotype combination case at each of the thirteen loci in the 
mixture to be the correct one. The fifth, sixth, and eleventh loci can be resolved by the 
consideration that the error ratio of their second-ranked genotype combination cases is 
significantly larger than that of the top-ranked one. These three loci yield a most-likely 
relative mass ratio cluster of [1.00 5.04 8.20]. The remaining ten loci are easily resolved 
by choosing the genotype combination case with relative mass ratio consistent with those 
in the cluster with lower fitting errors. This leads to the confident selection of the top-
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Figure 4.34: Mass ratio consistency plot of the top three ranked genotype 
combination cases in a mixture of thirteen six-allele loci with a true relative mass 
ratio = [1.00 4.95 8.00] and 9% heterozygous peak imbalance 
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Figure 4.35: Mass ratio consistency plot of the top three ranked genotype 
combination cases in a mixture of thirteen six-allele loci with a true relative mass 
ratio = [1.0 4.95 8.0] and 9% heterozygous peak imbalance; where the circles denote 
the true genotype combination for all loci 
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Locus 1 
Raw Data: 0.9901 1.0350 5.0581 5.2127 
8.0325 
Genotype Combination Mass Ratio Vector Error 
-----------------------------------------------------------------------------
[1 1 0 0 0 O; 0 0 1 1 0 O; 0 0 0 0 1 1) 1.000 5.072 8.242) 0.016 
(1 1 0 0 0 0; 0 0 1 0 0 1; 0 0 0 1 1 0] 1.000 6.464 6.849] 0.111 
(1 1 0 0 0 0; 0 0 1 0 1 0; 0 0 0 1 0 1] 1.000 6. 773 6.541] 0.112 
Locus 2 
Raw Data: 1.0684 0. 9411 5.3775 7.6709 
8. 5411
Genotype Combination Mass Ratio Vector Error 
-----------------------------------------------------------------------------
[1 1 0 0 0 O; 0 0 1 0 1 O; 0 0 0 1 0 1) 1.000 5.029 8.067) 0.027 
(1 1 0 0 0 0; 0 0 1 0 0 1; 0 0 0 1 1 0] 1.000 6.926 6.171] 0.108 
(1 1 0 0 0 0; 0 0 1 1 0 0; 0 0 0 0 1 1] 1.000 6. 493 6.604] 0.111 
Locus 3 
Raw Data: 1.0427 0.9346 4.5150 8.5672 
4. 7707
Genotype Combination Mass Ratio Vector Error 
-----------------------------------------------------------------------------
[1 1 0 0 0 0; 0 0 1 0 0 1; 0 0 0 1 1 OJ 1.000 4.696 8.160) 0.027 
(1 1 0 0 0 0; 0 0 1 0 1 0; 0 0 0 1 0 1] 1.000 6.110 6. 746] 0.126 
(1 1 0 0 0 0; 0 0 1 1 0 O; 0 0 0 0 1 1] 1.000 6.616 6.240] 0.127 
Locus 4 
Raw Data: 1.0291 4.7579 0.9945 4.5622 
8 .1192 
Genotype Combination Mass Ratio Vector Error 
-----------------------------------------------------------------------------
[1 0 1 0 0 O; 0 1 0 1 0 O; 0 0 0 0 1 1) 1.000 4.606 8.313) 0.015 
(1 0 1 0 0 0; 0 1 0 0 1 O; 0 0 0 1 0 1] 1.000 6.652 6.267] 0.133 
(1 0 1 0 0 0; 0 1 0 0 0 1; 0 0 0 1 1 OJ 1.000 6.364 6.556] 0.134 
Locus 5 
Raw Data: 0. 9862 4.9638 0.9701 7.9034 
8 .1149 
Genotype Combination Mass Ratio vector Error 
-----------------------------------------------------------------------------
[1 0 1 0 0 O; 0 1 0 0 1 O; 
(1 0 1 0 0 0; 0 1 0 0 0 1; 
(1 0 1 0 0 0; 0 1 0 1 0 O; 
0 0 0 1 0 
0 0 0 1 1 






































Figure 4.36: LSD-3 mathematical results in a mixture of thirteen six-allele loci with 
a true relative mass ratio = [1.00 4.95 8.00] and 9% heterozygous peak imbalance, 
true genotype combinations are bolded 
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Locus 6 
Raw Data: 1.0469 4.9766 1.0253 7. 5811 7.8269 
5.2024 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 0 1 0 0 O; 0 1 0 0 0 1; 0 0 0 1 1 01 1.000 4.912 7.4361 0.009 1.000 
(1 0 1 0 0 O; 0 1 0 1 0 O; 0 0 0 0 1 lJ 1.000 6.060 6.288J 0.095 11. 051
(1 0 1 0 0 O; 0 1 0 0 1 O; 0 0 0 1 0 1) 1.000 6.179 6.169J 0.095 11. 096
Locus 7 
Raw Data: 1.0326 4.9153 5.0104 1.0530 7.3652 
8.1481 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 0 0 1 0 0; 0 1 1 0 0 O; 0 0 0 0 1 11 1.000 4.759 7. 4391 0.020 1.000 
(1 0 0 1 0 0; 0 1 0 0 1 O; 0 0 1 0 0 lJ 1.000 5.889 6,310] 0.102 5.046 
(1 0 0 1 0 O; 0 1 0 0 0 1; 0 0 1 0 1 OJ 1.000 6.264 5.934] 0.103 5.070 
Locus 8 
Raw Data: 0.9190 4.8746 7. 7192 1.0674 4.5179 
8.3858 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 0 0 1 0 0; 0 1 0 0 1 O; 0 0 1 0 0 11 1.000 4.728 8.1081 0.020 1.000 
(1 0 0 1 0 0; 0 1 0 0 0 1; 0 0 1 0 1 OJ 1.000 6.676 6.160) 0.122 6.170 
(1 0 0 1 0 O; 0 1 1 0 0 0; 0 0 0 0 1 lJ 1.000 6.340 6.496J 0.124 6.234 
Locus 9 
Raw Data: 1.0848 5.3867 8.4160 0.9890 7.9976 
4.6951 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 0 0 1 0 O; 0 1 0 0 0 1; 0 0 1 0 1 OJ 1.000 4.862 7.915] 0.020 1.000 
(1 0 0 1 0 0; 0 1 1 0 0 0; 0 0 0 0 1 1) 1.000 6.656 6.121] 0.111 5.507 
[ 1 0 0 1 0 0; 0 1 0 0 1 O; 0 0 1 0 0 1) 1.000 6,454 6.323) 0.113 5.586 
Locus 10 
Raw Data: 1.0258 4.7897 5.3599 8.3263 0.9842 
8.3522 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 0 0 0 1 O; 0 1 1 0 0 O; 0 0 0 1 0 11 1.000 5.050 8.2981 0.014 1.000 
(1 0 0 0 1 O; 0 1 0 1 0 O; 0 0 1 0 0 lJ 1.000 6.525 6.822) 0.114 8.094 
(1 0 0 0 1 O; 0 1 0 0 0 1; 0 0 1 1 0 OJ 1.000 6.538 6.809] 0.114 8.099 
Locus 11 
Raw Data: 0.9582 4.8965 8.6241 5 .1133 0.9483 
8.4885 
Genotype Combination Mass Ratio Vector Error E Ratio 
-----------------------------------------------------------------------------
[1 0 0 0 1 O; 0 1 0 1 0 0 0 0 1 0 0 1] 1.000 5.250 8.9761 0.006 1.000 
(1 0 0 0 1 0; 0 1 0 0 0 1 0 0 1 1 0 OJ 1.000 7.021 7 .206) 0.122 19.624 
(1 0 0 0 1 0; 0 1 1 0 0 0 0 0 0 1 0 lJ 1.000 7.092 7.134) 0.122 19.646 
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ranked genotype combination cases at each of these ten loci. Overall, a confident 
resolution is achieved at each of the thirteen loci in this synthetic mixture example, and 
all these genotype combination cases ranked first in the LSD-3 mathematical results. 
4.4.5. Putting Together a Composite Genotype Resolution Profile Based on 
LSD-3 Results and Interpretation Guidelines 
The first step in analysis of a three-person mixture of STR DNA after the LSD-3 
results a re available i s  t o  l ocate a ny s ix-allele l oci. Six a llele l oci e xhibit r emarkable 
insensitivity to signal perturbations and as a result the fitted relative mass ratio vector of 
the top ranked genotype combination case is likely to be very close to the true relative 
mass ratio of the mixture. 
After any six-allele loci has been processed, one should proceed to those loci that 
are resolvable with high confidence without information from other loci. These loci will 
have a second ranked genotype combination case with a very large error ratio perhaps in 
excess of twenty and the elements of the fitted relative mass ratio vector of the top­
ranked case will be reasonable and positive. Although these loci can be resolved in 
isolation, the fitted relative mass ratio vectors associated with the top-ranked case at these 
loci must also be consistent with each other. To date, an instance has not yet been found 
in which they were not consistent with one another, nor is an  instance e xpected to be 
found. After their resolution, these loci make up the most likely relative mass ratio 
vector that will be used to resolve subsequent sets of loci. 
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Next, t hose 1 oci t hat c an  b e r esolved b y c onsidering e rror r atio a nd r easonable 
fitted relative mass ratio vectors are considered. Like the previous set, these loci can be 
resolved without using information obtained from other loci in the mixture, however, one 
would still want to ensure that those genotype combination cases selected as the 
resolution at a locus are consistent with the most likely relative mass ratio vector 
established during the resolution of the previous set of loci. 
Finally, those loci that can only be resolved through mass ratio consistency to the 
most likely relative mass ratio are identified. This type of occurrence is usually 
associated with the nonuniqueness of the column space of the gene matrix representing 
the true genotype combination and thus many genotype combinations will fit equally well 
to the peak data, be usually with different relative mass ratios. Only those genotype 
combination cases with reasonable error ratios (perhaps less than twenty) should be 
considered. As above, any genotype combination cases whose fitted relative mass ratio 
vectors contain negative or unreasonably large values (hundreds) should immediately be 
eliminated from consideration. Those genotype combination cases that remain should be 
evaluated as to their consistency with the most likely relative mass ratio arrived at from 
other loci. Frequently a resolution at these loci is possible through this method, but it is 
not uncommon to find several loci that remain irresolvable. There is currently no known 
method to resolve these remaining loci with any degree of confidence. 
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4.5. Summary of Results 
A mathematical method was sought that could be used to aid DNA analysts in 
resolving three-person mixtures of STR/DNA. It was desired that this method be 
insensitive to relative mass ratios as well as to heterozygous peak imbalance. 
Simple extension of LSD-2 to mixtures of three persons' DNA only exhibited the 
desired insensitivity for six-allele loci. However, out of thirteen loci in a three-person 
mixture on the average only 0.3 loci will contain six alleles. Because of the low 
probability of a six-allele locus occurrence, modifications to the basic LSD-3 method 
were investigated, analyzed, and evaluated. 
Locus concatenation was studied first, and was found to produce erratic and often 
inconsistent effects on the stability of resolution of genotype combinations. 
Incorporating a known reference profile into the genotype combination was investigated 
next. In most cases, incorporating a known profile reduced significantly the number of 
genotype combinations possible for a locus of a given number of alleles at that locus. 
Use of such a reference profile was found to either improve or not decrease the stability 
of t he r esolution o ft he remaining genotype combination. F inally, m anual a nalysis o f  
LSD-3's mathematical results was performed with the aid of mass ratio consistency plot, 
for the identification of a region containing tightly distributed genotype combination 
cases with consistent relative mass ratios. This analysis revealed that the stability of 
resolution indicated in success/failure plots is often conservative. Frequently, it was 
possible to make confident resolutions for the majority of the loci with four or more 
alleles per locus in a profile from the LSD-3 results. This gain in confidence was due to 
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the i nclusion o f  e xpert r ules d eveloped for LSD-2 a nd r efined for a pplication t o  t hree 
person mixtures. It becomes more imperative than for LSD-2 that the LSD-3 result for a 
three-person mixture be analyzed and reviewed by a DNA analyst to develop the final 
composite genotype profiles for the three contributors. 
Currently, the resolution of a complete profile for three-person DNA mixtures is 
more or less intractable. There are too many combination cases possible for trial-and­
error experimental process to be feasible. The only easily resolved case is a six-allele 
locus with clearly distinguishable major, middle, and minor alleles (with respect to peak 
height or area). The LSD-3 methodology with one genotype known, as presented here is 
a mathematical method that performs systematic trial-and-error and yields a measure of 
the resulting fitting error. LSD-3 followed by review by a DNA analyst is capable of 
yielding a composite resolution at several (usually half or more) of the thirteen loci, with 
fairly high confidence. Even with a six loci STR profile, unique human identification can 
usually be made with confidence. It is expected that software such as LSD-3 will bring 
resolution of three-people mixtures closer at hand, especially if the sample is a relatively 
clean sample, well amplified without much degradation or contamination. 
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CHAPTERS 
CONCLUSIONS AND FUTURE WORK 
The objective of research reported here was to attempt to resolve three person 
mixtures of STR/DNA based on previous research conducted on Least Square 
Deconvolution for resolving 2-person mixtures (LSD-2). At the time of this writing, 
there are two published methods for resolving mixtures of STR DNA, LSD-2 and LMA. 
Neither method is suitable for resolving mixtures of three persons' DNA. A 
straightforward extension of LSD-2 to LSD-3 yielded very poor results and 
enhancements were explored. The vertical concatenations of two loci before the LSD 
step was explored and found to yield poor results as well. Incorporation of a reference 
profile was found to be most beneficial in increasing the stability of resolution of many 
genotype combinations by reducing the number of genotype combinations used for 
fitting. Finally, manual analysis of LSD-3 mathematical results for relative mass ratio 
consistency was conducted. A procedure was developed to analyze such results, and it 
was found that as many as perhaps seven of the thirteen loci in the mixture can be 
resolved with some confidence under the developed interpretation guidelines. 
It is believed that the use of multiple forensic mixture stains from the same multiple 
contributors may increase the resolvability at many loci with a higher degree of 
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Person 1 Person 2 Person 3 
-
o·1 0 
1 0 0 
0 1 0 
1 A,B C,D E,F 
0 1 0 
0 0 1 
0 0 1 
-
-
f 1 0 
1 0 0 
0 1 0 
2 A,B C,E D,F 
0 0 1 
0 1 0 




1 0 0 
0 1 0 
3 A,B C,F D,E 
0 0 1 
0 0 1 




0 1 0 
1 0 0 
A,C B,D E,F 
0 1 0 
0 0 1 
0 0 1 
-
159 




Person 1 Person 2 Person 3 
-
1 0 0 
0 1 0 
1 0 0 
A,C B,E D,F 
0 0 1 
0 1 0 




0 1 0 
1 0 0 
A,C B,F D,E 
0 0 1 
0 0 1 
0 1 0 
-
-
1 0 0 
0 1 0 
0 1 0 
A,D B,C E,F 
1 0 0 
0 0 1 
0 0 1 
-
-
1 0 0 
0 1 0 
0 0 1 
8 A,D B,E C,F 
1 0 0 
0 1 0 
0 0 1 
-
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Person 1 Person 2 Person 3 
-
1 0 0 
0 1 0 
0 0 1 
9 A,D B,F C,E 
1 0 0 ! 
0 0 1 
0 1 0 
-
1 0 0-
0 1 0 
0 1 0 
10 A,E B,C D,F 0 0 1 
1 0 0 




0 1 0 
0 0 1 
11 A,E B,D C,F 0 1 0 
1 0 0 
0 0 1 
-
-
1 0 0 
0 1 0 
0 0 1 
12 A,E B,F C,D 0 0 1 
1 0 0 
0 1 0 
-
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Person 1 Person 2 Person 3 
- -
1 0 0 
0 1 0 
0 1 0 
I 
13 A,F B,C D,E 
0 0 1 
0 0 1 
1 0 0 
-
- - I1 0 0 
I 
0 1 0 
0 0 1 
14 A,F B,D C,E 0 1 0 
I 
0 0 1 
1 0 0 
-
- -
1 0 0 
0 1 0 
0 0 1 
15 A,F B,E C,D 
0 0 1 
0 1 0 
1 0 0 
-
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Table A.2: Complete listing of all five-allele genotype combinations 
Case 
Genotype Combination Matrix 
Person 1 Person 2 Person 3 
.. 
o·2 0 
0 1 0 
1 A,A B,C D,E 0 1 0 
0 0 1 




0 1 0 
2 A,A B,D C,E 0 0 1 
0 1 0 
0 0 1 
-
-
2 0 0 
0 1 0 
3 A,A B,E C,D 0 0 1 
0 0 1 




I 1 1 0 
1 0 0 
4 A,B A,C D,E 0 1 0 
0 0 1 
0 0 1 
-
-
1 1 0 
1 0 0 
5 A,B A,D C,E 0 0 1 
0 1 0 
0 0 1 
-
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Table A.2: continued 
Case Genotype Combination Matrix 
Person 1 Person 2 Person 3 
-
1 1 0 
1 0 0 
6 A,B A,E C,D 0 0 1 
0 0 1 
0 1 0 
-
1 0 o·
1 1 0 
7 A,B B,C D,E 0 1 0 
0 0 1 
0 0 1 
-
-
1 0 0 
1 1 0 
8 A,B B,D C,E 0 0 1 
0 1 0 
0 0 1 
-
-
1 0 0 
1 1 0 
9 A,B B,E C,D 0 0 1 
0 0 1 
0 1 0 
-
.. 1 0 o·
1 0 0 
10 A,B c,c D,E 0 2 0 
0 0 1 
0 0 1 
-
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Person 1 Person 2 Person 3 
-
o·1 0 
1 0 0 
11 A,B C,D C,E 0 1 1 
0 1 0 
0 0 1 
-
- -
1 0 0 
1 0 0 
12 A,B C,D D,E 0 1 0 
0 1 1 
0 0 1 
-
-
1 0 0 
I 
1 0 0 I 
13 A,B C,D E,E 0 1 0 
0 1 0 
0 0 2 
-
- -
1 0 0 
1 0 0 
14 A,B C,E D,D 0 1 0 
0 0 2 




1 0 0 
15 A,B C,E D,E 0 1 0 
0 0 1 
0 1 1 
-
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Person 1 Person 2 Person 3 
- -
1 1 0 
0 0 1 
16 A,C A,D B,E 1 0 0 
0 1 0 





0 0 1 
17 A,C A,E B,D 1 0 0 
0 0 1 
0 1 0 
-
-
1 0 0 
0 2 0 
18 A,C B,B D,E 1 0 0 
0 0 1 




0 1 0 
19 A,C B,C D,E 1 1 0 
0 0 1 
0 0 1 
-
- -
1 0 0 
0 1 1 
20 A,C B,D B,E 1 0 0 
0 1 0 
0 0 1 
-
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Table A.2: continued 
Case 
Genotype Combination Matrix 
Person 1 Person 2 Person 3 
-
1 0 0 
0 1 0 
21 A,C B,D C,E 1 0 1 
0 1 0 
0 0 1 -
- -
1 0 0 
0 1 0 
22 A,C B,D D,E 1 0 0 
I 0 1 1 




0 1 0 
23 A,C B,D E,E 1 0 0 
0 1 0 
0 0 2 -
- -
1 0 0 
0 1 0 
24 A,C B,E C,D 1 0 1 
0 0 1 




0 1 0 
25 A,C B,E D,D 1 0 0 
0 0 2 
0 1 0 -
167 




Person 1 Person 2 Person 3 
- -
1 0 0 
0 1 0 
26 A,C B,E D,E I 1 0 0 
I 0 0 1 
0 1 1 
-
1 1 0 
0 0 1 
27 A,D A,E B,C 0 0 1 
1 0 0 
0 1 0 -
.. 
1 0 o·
0 2 0 
28 A,D B,B C,E 0 0 1 
1 0 0 




0 1 1 
29 A,D B,C B,E 0 1 0 
1 0 0 
0 0 1 
- -
... 
1 0 0 
0 1 0 
30 A,D B,C C,E 0 1 1 
1 0 0 
0 0 1 
-
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Person 1 Person 2 Person 3 
-
1 0 0 
0 1 0 
31 A,D B,C D,E 0 1 0 
1 0 1 
0 0 1 -
-
0-1 0 
0 1 0 
32 A,D B,C E,E 0 1 0 
1 0 0 
0 0 2 -
-
1 0 0 
0 1 0 
33 A,D B,D C,E 0 0 1 
1 1 0 
0 0 1 -
-
1 0 0 
0 1 0 
34 A,D B,E c,c 0 0 2 
1 ·o 0
0 1 0 -
-
1 0 0 
0 1 0 
35 A,D B,E C,D 0 0 1 
1 0 1 
0 1 0 -
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Person 1 Person 2 Person3 
i ... 1 0 
-
0 
0 1 0 
36 A,D B,E C,E 0 0 1 
1 0 0 
0 1 1 
-
... -
1 0 0 
0 2 0 
37 A,E B,B C,D 0 0 1 
0 0 1 
1 0 0 
-
-
1 0 0 
0 1 1 
38 A,E B,C B,D 0 1 0 
0 0 1 




0 1 0 
39 A,E B,C C,D 0 1 1 
0 0 1 




0 1 0 
40 A,E B,C D,D 0 1 0 
0 0 2 
1 0 0 
-
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Table A.2: continued 
Case Genotype Combination Matrix 
Person 1 Person 2 Person 3 
-
1 0 0 
0 1 0 
41 A,E B,C D,E 0 1 0 
0 0 1 
1 0 1 - -
-
1 0 0 
0 1 0 
42 A,E B,D c,c 0 0 2 
0 1 0 
1 0 0- -
-
1 0 0 
0 1 0 
43 A,E B,D C,D 0 0 1 
0 1 1 
1 0 0 -
-
1 0 0 
0 1 0 
44 A,E B,D C,E 0 0 1 
0 1 0 
1 0 1- -
-
1 0 0-
0 1 0 
45 A,E B,E C,D 0 0 1 
0 0 1 
1 1 0 -
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Table A.3: Complete listing of all four-allele genotype combinations 
Case Genotype Combination Matrix 
Person 1 Person 2 Person 3 
-
2 1 0-
0 1 0 
1 A,A A,B C,D 
0 0 1 





0 0 1 
2 A,A A,C B,D 
0 1 0 




0 0 1 
3 A,A A,D B,C 
0 0 1 




I 0 0 
0 2 0 
A,A B,B C,D 
0 0 1 





0 I I 
A,A B,C B,D 
0 1 0 




0 1 0 
A,A B,C C,D 
0 I 1 
0 0 1 -
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Person 1 Person 2 Person 3 
.. 
2 o·0 
0 1 0 
A,A B,C D,D 
0 1 0 I 
I 
0 0 2 -
.. 
2 o·0 
0 1 0 
A,A B,D c,c 




2 0 0 
0 1 0 
A,A B,D C,D 
0 0 1 
0 1 1 
-
-
1 1 0 
1 1 0 
10 A,B A,B C,D 
0 0 1 
0 0 1 
-
- -
1 1 1 
1 0 0 
11 A,B A,C A,D 
0 1 0 




1 0 1 
12 A,B A,C B,D 
0 1 0 
0 0 1 
-
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Table A.3: continued 
Case Genotype Combination Matrix 
Person 1 Person 2 Person 3 
-
1 1 o·
1 0 0 
13 A,B A,C C,D 
0 1 1 
0 0 1 
I .. -
'"'1 1 0 
1 0 0 
14 A,B A,C D,D 
0 1 0 
0 0 2 
-
.. 1 1 0 
1 0 1 
15 A,B A,D B,C 
0 0 1 





1 0 0 
16 A,B A,D c,c 
0 0 2 
0 1 0 
-
I 
.. 1 1 0 
1 0 0 
17 A,B A,D C,D 
0 0 1 
0 1 1 
-
.. 1 0 0 
1 2 0 
18 A,B B,B C,D 
0 0 1 
0 0 1 
-
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Table A.3: continued 
Case 
Genotype Combination Matrix 
Person 1 Person 2 Person 3 
-
1 0 0 
1 1 
19 A,B B,C B,D 
0 1 0 
0 0 1 
-
-
1 0 0 
1 1 0 
20 A,B B,C C,D 
0 1 1 




1 1 0 
21 A,B B,C D,D 




1 0 0 
1 1 0 
22 A,B B,D c,c 
0 0 2 
0 1 0 
-
-
1 0 0 
1 1 0 
23 A,B B,D C,D 
0 0 1 




I 1 0 0 
24 I A,B c,c C,D 
0 2 1 
0 0 1 
-
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Person 1 Person 2 I Person 3 
I .. 1 0 o·
I 1 0 0 
25 A,B c,c D,D 
0 2 0 
0 0 2 
-
�1 0 0 
1 0 0 
26 A,B C,D C,D 
0 1 1 
0 1 1 
-
�1 0 0 
1 0 0 
27 A,B C,D D,D 
0 1 0 
0 1 2 . 
�1 1 0 
0 0 1 
28 A,C A,C B,D 
1 1 0 





0 0 2 
29 A,C A,D B,B 
1 0 0 
0 1 0 
. 
.. 1 1 0 
0 0 1 
30 A,C A,D B,C 
1 0 1 
0 1 0 
-
176 




Person 1 Person 2 Person 3 
... 
1 1 0 
0 0 1 
31 · A, c A,D B,D 1 0 0 
0 1 1 
-
'"1 0 o·
0 2 1 
32 A,C B,B B,D 
1 0 0 
0 0 1 
-
'"1 0 o·
0 2 0 
33 A,C B,B C,D 
1 0 1 
0 0 1 
-
.. 
1 0 0 
0 2 0 
34 A,C B,B D,D 
1 0 0 




0 1 1 
35 A,C B,C B,D 
1 1 0 
0 0 1 
-
1 0 o·
0 1 0 








Person 1 Person 2 Person 3 
.. 
1 0 o·I 
I 
I 0 1 0 
37 A,C B,C D,D 
1 1 0 
0 0 
- -
'""1 0 0 
0 1 1 
38 A,C B,D B,D 
1 0 0 
0 1 1 
- -
'""1 0 0 
0 1 0 I 
39 A,C B,D c,c 
1 0 2 I 
I 
0 1 0 . 
... 
1 0 o·
0 1 0 
40 A,C B,D C,D 
1 0 1 
0 1 1 
-
'""1 0 0 
0 1 0 
41 A,C B,D D,D 
1 0 0 




0 0 1 
42 A,D A,D B,C 
0 0 1 
1 1 0 
-
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Person 1 Person 2 Person 3 
.. 
1 0 0 
0 2 1 
43 A,D B,B B,C 
0 0 1 
I 




0 2 0 
44 A,D B,B c,c 
0 0 2 




0 2 0 
45 A,D B,B C,D 
0 0 1 
1 0 1 -
.. 
1 0 0 
0 1 1 
46 A,D B,C B,C 
0 1 1 
1 0 0 
-
1 0 o·
0 1 1 
47 A,D B,C B,D 
0 1 0 
1 0 1 -
-
1 0 o·
0 1 0 
48 A,D B,C c,c 
0 1 2 
1 0 0 
-
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Person 1 Person 2 Person 3 
-
1 0 0 
0 1 0 
49 A,D B,C C,D 0 1 1 
I 




0 1 0 
50 A,D B,C D,D 
0 1 0 




0 1 0 
51 A,D B,D c,c 
0 0 2 ; 




0 1 0 
52 A,D B,D C,D 
0 0 1 
1 1 1 
-
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Person 1 Person 2 Person 3 
[: 
2










:] 3 A,A A,B B,C 1 0 
[: 
1
:] 4 A,A A,B c,c 1 0 
[: 
1
:] 5 A,A A,C B,B 0 1 
[: 
1
:] 6 A,A A,C B,C 0 1 
[: 
0
:] 7 A,A B,B B,C 2 0 
[: 
0
:] 8 A,A B,B c,c 2 0 
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Person 1 Person 2 Person 3 
[: 
0 




:] 10 A,A B,C C,C 1 1 
[: 
1
:] 11 A,B A,B A,C 1 0 
[: 
1
:] 12 A,B A,B B,C 1 0 
[: 
1
:] 13 A,B A,B c,c 1 0 
[: 
1
:] 14 A,B A,C A,C 0 1 
[: 
1
!] 15 A,B A,C B,B 0 1 
[: 
1
:] 16 A,B A,C B,C 0 1 
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:] 17 A,B A,C c,c 0 1 
[: 
0
:] 18 A,B B,B B,C 2 0 
[: 
0
:] 19 A,B B,B c,c 2 0 
[: 
0 
:] 20 A,B B,C B,C 1 1 
[: 
0
:] 21 A,B B,C c,c 1 1 
[: 
0
:] 22 A,B c,c c,c 0 2 
[I 
1
:] 23 A,C A,C B,B 0 1 
[: 
1 
:] 24 A,C A,C B,C 0 1 
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Person 1 Person 2 Person 3 
[: 
0
:] 25 A,C B,B B,B 20 
[: 
0
:] 26 A,C B,B B,C 20 
[I 
0
:] 27 A,C B,B c,c 20 
[: 
0
:] 28 A,C B,C B,C 11 
[: 
0
:] 29 A,C B,C c,c 11 
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Person 1 Person 2 Person 3 
[� 
2
�] 1 A,A A,A A,B 0 
[� 
2
�] 2 A,A A,A B,B 0 
[� 
1
�] 3 A,A A,B A,B 1 
[� 
1
�] 4 A,A A,B B,B 1 
[� 
0
�] 5 A,A B,B B,B 2 
[: 
1
�] 6 A,B A,B A,B 1 
G
1 
�] 7 A,B A,B B,B 1 
[: 
0
�] 8 A,B B,B B,B 2 
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